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Abstract 
Using a 1984 benchmark experiment, MCNP6 replicated the neutron flux and 
neutron protection factor (NPF) measurements of an iron box, which simulated a basic 
military vehicle, resulting in less than 5% difference from the published results.  
Additionally, the neutron flux spectrum of a 
239
PuBe source was characterized using a 
Bonner Sphere Spectrometer (BSS) and the solution unfolded using the Maximum 
Entropy Deconvolution (MAXED) program, producing a χ2/df of 0.97.  Utilizing a steel 
box provided by the DTRA, measurements of neutron flux from a D-D neutron 
accelerator were recorded via BSS inside and outside of the box.  Both flux spectra were 
unfolded through MAXED using MCNP6 computations as a priori, which resulted in 
χ2/df values of 0.86 and 0.91, respectively.  NPF assessments of the steel box were then 
conducted using experimental and MCNP6 flux spectra for the box, as well as H*(10) 
scaling, with final results differing by less than 1%.  MAXED software was leveraged for 
all flux spectrum unfolding, incorporating updated BSS response functions generated 
within this research from MCNP6.  This experiment and its conclusions strongly support 
the verification and validation of MCNP6 for modeling NPF assessments of military 
vehicles.   
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VERIFICATION AND VALIDATION OF MONTE CARLO N-
PARTICLE CODE 6 (MCNP6) WITH NEUTRON PROTECTION 
FACTOR MEASUREMENTS OF AN IRON BOX 
 
 
I. Introduction 
Current Risk 
Since the collapse of the Union of Soviet Socialist Republics (USSR) and the end 
of the Cold War, the threat of a nuclear attack against the United States (US) or one of 
her allies has never been greater [1].  This risk not only arises from hostile nation-states, 
such as North Korea and Iran, but also from terrorist groups and similar non-state actors 
determined to acquire nuclear weapons technology.  If a nuclear attack against American 
interests occurred, a significant portion of the US Army would likely respond to the 
ensuing devastation and humanitarian crisis.  Units deployed in support of these efforts 
could be ordered to provide local and regional security, support the civil government, 
triage and evacuate the wounded, and possibly defeat an invading military force.   
Individually, each of these missions would surpass the capabilities of the US 
Army’s organic Nuclear, Biological, and Chemical (NBC) units, those soldiers specially 
trained and equipped to conduct operations in radiological environments.  Consequently, 
the US response to even a single nuclear detonation would likely require soldiers from a 
variety of backgrounds within the US Army to operate within areas likely contaminated 
with radioactive fallout.  Additionally, if a nuclear attack is perpetrated by an aggressive 
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nation-state, deployed soldiers could also face hostile forces and open combat amid 
radioactive fallout, or be required to conduct operations in areas at risk of future nuclear 
attack.   
These scenarios present military commanders with a staggering challenge: how 
does one weigh the risks of radiation exposure to their soldiers against accomplishment 
of the mission?  This determination might be simplified for dismounted soldiers wearing 
only the Mission-Oriented Protective Postures (MOPP) suit; however, to answer this 
question for mechanized and armored unit commanders, the US Army must understand 
the degree of radiation shielding afforded by these vehicle types.  In March of 2011, 
during OPERATION TOMODACHI in Japan, this consideration became evident when 
such information was required to support operational decisions [2].     
Currently, the degree of radiation protection provided by US Army vehicles is 
unknown for all but a handful of legacy items and variants.  Additionally, the effort in 
recent years to provide vehicles with better protection to American soldiers in both Iraq 
and Afghanistan forced the Department of Defense (DoD) to rapidly field dozens of new 
armored combat vehicles and vehicle variants.  Although many boasted superior ballistic 
protection, no experimental or computational evaluation of the radiological protection 
afforded by the vehicles was required [2].  Consequently, this information simply does 
not exist for the vast majority of wheeled and tracked vehicles in the US Army inventory.   
Filling the Void 
To counter this information gap, the Department of Defense tasked the Defense 
Threat Reduction Agency (DTRA) and the US Army Nuclear and Combating Weapons 
3 
of Mass Destruction Agency (USANCA) to devise a methodology for delivering this 
critical information into the hands of US Army commanders; fortunately, this task is not 
novel.  Prior to the collapse of the USSR, the US Army routinely conducted experimental 
and computational assessments of mission critical platforms to determine the degree of 
radiological protection afforded to their crews [3, 4].  According to “The Final Report of 
Radiation Shielding in Armored Vehicles” published by the Defense Technical 
Information Center (DTIC) in 1988,    
Radiation protection measures have several applications.  It is desirable to 
know the radiation protection factors of U.S. and allied vehicles since it 
will affect the best mode of deployment in the event of the reality, or even 
the threat of nuclear war.  Similarly, the protection factors of potentially 
hostile vehicles will affect U.S. targeting doctrine.  It is also important to 
make known to U.S. designers of vehicles of the future the best techniques 
for attaining good radiation protection, so that they may be implemented 
in an efficient and cost-effective manner [4].   
 Therefore, knowledge of each vehicle’s degree of radiation shielding offered a 
variety of benefits at the tactical, operational, and strategic levels.  Furthermore, by 
incorporating such factors into US Army vehicle fielding requirements, the DoD 
provided improved radiation protection to soldiers in a cost-effective manner.   
 The US Army quantifies radiation shielding into a value known as the radiation 
protection factor (RPF) for each vehicle variant, which represents the ability of that 
particular vehicle type to protect its occupants from different forms of external radiation.  
Each measurement depends on the thickness and composition of the shielding material, 
as well as the type and energy of the incident radiation. The specific type of RPF is 
calculated based upon the ratio of the radiation dose outside compared to the dose present 
inside the vehicle and may be determined using the equation    
4 
Free Field Dose
RPF
Dose Penetrating the Vehicle
 . (1.1) 
 
Since the two most biologically significant sources of radiation pursuant to a nuclear 
detonation consist of neutrons and secondary gammas, a more detailed analysis of a 
vehicle RPF can be obtained by defining both the neutron protection factor (NPF) and the 
gamma ray protection factor (GPF) [5]:    
Free Field Neutron Dose
NPF
Neutron Dose Penetrating the Vehicle
  (1.2) 
 
Free Field Gamma Dose
GPF
Gamma Dose Penetrating the Vehicle
  (1.3) 
   
The clear implication to draw from these three equations is that the larger the RPF, the 
better the protection afforded by the vehicle to its crew.   
 The RPF assessment also conveys information concerning the optimal positioning 
of the vehicle, relative to the radiation source location, to minimize radiation exposure to 
the crew.  Consequently, unit commanders and their staffs would consider vehicle RPF 
assessments invaluable for mission planning and risk assessment purposes when 
operating in hazardous radiation environments, thereby enabling commanders to employ 
their combat vehicle systems more safely and effectively.   
 Historically, the US Army pursued both experimental and computational 
approaches to solve for the RPF.  These techniques were applied against dozens of 
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experiments involving the initial and residual radiation created by a nuclear weapon [3, 
6].  When analyzing radiation shielding, initial radiation refers to any nuclear emissions 
occurring within the first minute after detonation.  All subsequent radiation produced by a 
nuclear weapon or its effects beyond that time is considered residual radiation [7].  This 
distinction became important after it was discovered how different types of shielding 
provided varying levels of protection against different forms of radiation.  At that time, 
the persistent threat of nuclear war served as justification for these tests; however, based 
upon recent statements by President Obama [1], a strong argument exists today for 
identifying the degree of radiation shielding provided by each vehicle system currently in 
the US Army inventory.  
Experimental Approach  
 Experimentation with residual radiation shielding typically employed Cobalt-60, 
which simulated the gamma emissions anticipated from nuclear fallout [8].  From 
measurements taken both inside and outside a vehicle, a calculation of the GPF could be 
made.  Other experiments investigated how a particular vehicle’s armor, when mounted 
with radiation detectors, would attenuate incident radiation, thereby producing erroneous 
detector responses [9].  Despite the variety of conducted experiments, the US Army 
quickly realized the most difficult radiation environment to simulate and operate within 
came from the initial radiation emitted by a nuclear weapon.          
 Most of the experimental research on initial radiation effects was conducted at 
either the Army Pulse Radiation Facility (APRF), located at Aberdeen Proving Grounds, 
Maryland, or near the White Sands Missile Range in New Mexico.  Both sites offered 
6 
open-air nuclear reactors capable of projecting high-energy neutrons toward stationary 
targets.  The APRF boasted a nuclear reactor capable of rising out of the ground to a 
maximum height of 14 meters above the surface, a configuration which offered the best 
possible simulation of an above ground nuclear detonation [4].  However, due to funding 
limitations, the reactors at Aberdeen and White Sands were decommissioned for many 
years, although efforts in recent years have returned this capability to White Sands [2].   
Computational Approach 
Methodology (Deterministic versus Stochastic) 
Fortunately, the US Army also researched and developed computational methods 
to answer information gaps related to radiation transport.  The impetus behind this 
approach began in the 1950’s and 1960’s, prior to the advent of computer technology.  In 
response to the threat of nuclear war posed by the USSR, the Office of Civil Defense 
sought to determine the extent to which certain structures protected Americans from 
radioactive fallout expected from Soviet nuclear weapons.  The first attempt resulted in 
the “Engineering Method,” which the National Bureau of Standards developed to provide 
semi-empirical estimates of gamma ray transport through simple geometries and 
materials [10].  Understandably, this method lacked the capability to analyze complex 
shapes and materials; however, these limitations were lifted by the eventual emergence of 
computer technology.   
One early computer-based approach involved discrete ordinates transport (DOT) 
codes.  This method utilized deterministic methods to solve the radiation transport 
problem in terms of the average particle, which can provide different solutions than those 
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achieved through stochastic methods.  This discrepancy is due to DOT reliance on “phase 
space” approximations within the integro-differential transport equation.  Phase spaces 
represent the six-dimensional properties of a particle, including its position on the x,y,z 
axes and its component momentum in each direction.  For example, phase spaces can be 
represented using an equation such as        
( , , )P r E  , (1.4) 
which symbolizes the six independent variables used to determine the classical 
description of particle motion.  In this case, r  is the vector of movement,   is the solid 
angular component (θ,φ), and E represents the energy of the particle.  This facilitates a 
calculation of particle track length density, L , at a specific time via 
v ( , , , )L N r E t P t     , (1.5) 
where ( , , , )N r E t  represents the particle density function.  From Equation (1.5), a 
determination of particle flux may be reached using the relationship  
( , , , ) v ( , , , )r E t N r E t    . (1.6) 
For DOT calculations, this definition is applied to solve the neutron Boltzmann 
transport equation for an arbitrary volume of a partial phase space ˆ( , , )P r E      
during t .  Essentially, the solution is derived computationally by tracking the particle 
count over time using an integro-differential transport equation, which accounts for all 
particle scattering and absorption events:  
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where 
 
0
( , , ) ( , , , )r E r E t dt 

   , the particle flux integrated over all time 
D(E) is the energy distribution range of the neutrons 
 Σ is the macroscopic cross section for neutrons, and 
  Q is the steady-state source distribution.  
Early computers also enabled employment of Monte Carlo calculations, a 
stochastic approach to radiation transport first realized by von Neumann and Ulam in the 
1950’s, which is still in use today.  In general, the Monte Carlo technique offers a 
numerical solution to problems involving an object’s interactions with other objects or its 
environment [11].  This is accomplished by conducting a separate random sampling event 
for each microscopic exchange between objects involved in the larger problem.  Similar 
to rolling dice at a casino, hence the name Monte Carlo, each final outcome is randomly 
determined from the statistical chances of all possible outcomes.  Each individual particle 
track, or random walk, is known as a Markov Chain.  After sufficient repetition of these 
Markov Chains, a realistic solution to the macroscopic problem is determined 
stochastically [12].  Therefore, although the probability distribution function (PDF) for 
each particle remains unknown, the stochastically-determined sample mean and variance 
become increasingly representative of the unknown PDF as the number of particle tallies 
increases.  This positive relationship between simulated particle number and solution 
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veracity demonstrates the dependence of the Monte Carlo method on vast computational 
resources.  In other words, Monte Carlo techniques utilize repetition and random 
sampling at interaction sites to solve for the integral transport equation, thereby providing 
a solution to Equation (1.7) as ϕ(r,E) without the differential or limit calculations 
required by deterministic methods.   
Therefore, both the Monte Carlo and DOT methods provide solutions to two 
forms of the same equation, which are fundamentally equivalent.  Despite this, a flaw 
inherent within the DOT solution exists, one which stems from the reliance of integro-
differential equation on numerical approximations [12].  Numerically derived solutions to 
Equation (1.7) will always converge toward the real answer; however, they will never 
attain the level of accuracy achieved by Monte Carlo methods.  To this day, the Monte 
Carlo technique of random sampling forms the fundamental pillar for nearly all 
computer-modeled radiation transport calculations. 
Computational Codes 
The three primary computer codes designed over the years by the US National 
Laboratories to model radiation interactions with matter consist of the Vehicle Code 
System (VCS), the Monte Carlo Adjoint SHielding (MASH), and the Monte Carlo n-
Particle (MCNP) code. 
Of the three, the oldest and still most widely utilized radiation transport code is 
MCNP.  First created at Los Alamos National Laboratory (LANL) in 1957, the code 
simulated neutral particle transport to enable predictions of radiation flux due to shielding 
and distance.  It provides extremely accurate modeling for a variety of particle types, and 
previous versions of MCNP were repeatedly validated using both simple and complex 
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geometries [12, 13].  Much greater discussion and explanation of the current capabilities 
of MCNP will occur within the next chapter of this document; however, it is important to 
note that MCNP consistently offered, throughout its years of development and 
refinement, the most comprehensive databases of cross-sections and advanced Monte 
Carlo calculations available.  This code was originally validated against a benchmark test 
using a two-meter iron box and was trusted for RPF evaluation of numerous military 
vehicles, including the M60 and M1 Abrams main battle tank.   
During the early 1970’s, Oak Ridge National Laboratory (ORNL) began 
designing a different code, one which incorporated both Monte Carlo transport and DOT 
calculations.  This effort produced the first generation of the Vehicle Code System 
(VCS), which was designed specifically to replicate radiation transport to a vehicle or 
structure.  Based upon the separation distances involved, this typically simplified into a 
point source to point detector calculation.  Within the code, the radiation transport was 
divided into two parts: a DOT portion and a Monte Carlo portion [7].  The DOT code 
solved the Boltzmann Equation deterministically for the average flux created at the target 
location by the weapon burst.  A special Monte Carlo code then provided an importance 
function at the surface of the vehicle, which offered an adjoint measurement of the 
probability that particles on the vehicle surface would reach a crew member.  Folded 
together, these two calculations offered an estimate of flux and dose rate, which allowed 
assessments of a vehicle RPF [13].   
In the 1980’s ORNL also developed the MASH code to succeed VCS.  It enabled 
the modeling of mixed neutron and gamma-ray environments, such as those found within 
seconds to minutes after a nuclear detonation.  The code enabled RPF assignments for 
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military vehicles, buildings, trenches, and other structures [14].  Similar to VCS, it 
accomplished this through coupling a forward discrete ordinate air-over-ground transport 
calculation with an adjoint Monte Carlo treatment of the shielding geometry [15].  Based 
upon the neutron and/or gamma-ray source, the DOT calculation determined the flux 
incident on a given surface of the shielding geometry.  Once determined, the Monte Carlo 
calculation determined the effectiveness of the particle flux in creating a response from 
the detector inside the shielding geometry.  Based upon that detector response, a “dose 
importance” could be determined from the coupled surface flux.  The flux and dose 
importance were then folded together to provide an effective dose response.  The 
coupling code surpassed VCS by determining the dose response as a function of the 
shielding geometry orientation relative to the source type, distance, and energy [15].  This 
provided a much more useful calculation of flux and dose rate than previously attainable 
through the VCS.   
Despite these improvements, decades of competition between the three codes 
eventually resulted in the determination by the DTIC that MCNP proved superior to both 
VCS and MASH, offering the best overall estimation of radiation transport possible [13, 
16].  MCNP6, the latest and most advanced version of MCNP to date, is already 
experimentally verified and validated for a wide variety of intermediate and high-energy 
particles [17, 18]. 
Research Focus 
To address the US Army’s lack of vehicle RPF information, MCNP6 must first 
undergo verification and validation for the task, a mission championed by DTRA and 
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USANCA.  To accomplish this objective, however, experimental and computational 
methods must both be applied to the same problems, thereby facilitating side-by-side 
comparisons of the results.  Representing the first step in this effort, the research 
described herein will attempt to verify and validate MNCP6 results for just one aspect of 
RPF evaluations: modeling neutron transport and NPF assessments for simplified 
geometries and materials.  Specifically, this research utilizes a hollow steel box with 61 
cm sides and walls 2.51 cm thick, which simulates a geometrically simplified military 
vehicle.  In addition to providing a quantifiable assessment of MCNP6 estimates of NPF, 
this research will also establish a scientific methodology for replicating and expanding 
these efforts to eventually validate MCNP6 for RPF assessment of military vehicles.   
Implications 
Due to the growing nuclear threat from nation-states such as North Korea and 
Iran, as well as the persistent danger of terrorist groups like Al Qaeda obtaining a nuclear 
device, the US Army must plan for scenarios wherein its soldiers operate and fight in 
radiological environments.  Consequently, vehicle crews exposed to high-energy 
neutrons and gamma rays, such as those documented within seconds to minutes following 
a nuclear detonation, must understand the degree of radiation protection provided by their 
vehicles.  Such knowledge will enable US Army leaders to optimally employ combat 
vehicles systems in relation to a radiation source, thereby maximizing the odds of mission 
accomplishment and crew survivability.  This represents the ultimate objective behind 
research to provide accurate RPF assessments for all US Army vehicles.   
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II. Theory 
Chapter Overview 
This chapter describes the theoretical background of neutron transport supporting 
this research, as well as provides a description of all computational software and radiation 
detection equipment relevant to the experiment.  A detailed explanation of all the physics 
behind each component or system is not provided; however, the reader is encouraged to 
utilize the resources documented within this manuscript to answer any theoretical 
questions that may remain unresolved at the conclusion of this thesis.   
Neutron Interactions and Kinematics 
Due to their charge neutrality, neutrons fail to produce direct ionization events 
when traveling through media.   Consequently, these particles do not interact with matter 
via the Coulomb force, but instead deposit their energy discretely via collisions with 
other particles or atomic nuclei [19].  Such collisions can result in either absorption or 
scattering events.  
An absorption event occurs when an incident neutron and all its kinetic energy is 
captured by a target atom, thereby producing a compound nucleus in an excited state.  
The likelihood of this occurrence is governed by the isotope’s absorption cross section.  
Cross sections are used to quantify the probability that an incident neutron of specific 
energy will interact with a target nucleus and are expressed in units of barns, which is 
equal to 10
-24
 cm
2
.  The likelihood of such reactions occurring generally increases as 
neutrons lose kinetic energy, following a 1/v dependence for reaction cross section across 
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most energies [20].  Consequently, absorption events are most likely for neutrons in the 
thermal energy range.  Following a neutron capture, the excitation energy within the 
compound nucleus typically results in a (n,α), (n,p), or fission reaction, all of which are 
important in neutron detection.  The specific absorption reaction and fission products 
germane to this research will be addressed in the next section.    
Neutron scattering events consist of either inelastic or elastic scattering.  Inelastic 
scattering usually imparts a small degree of the incident neutron’s kinetic energy to the 
target, thereby leaving the nucleus in an excited state.  The deposited energy is 
subsequently released by the nucleus as a gamma emission, so kinetic energy is not 
conserved.  Inelastic scatterings account for a negligible percentage of neutron reactions 
within a moderator and, therefore, are of much less importance within the scope of this 
research. Conversely, elastic scattering results when a neutron collides with an atomic 
nucleus and imparts a portion of its kinetic energy to the object, thereby decreasing its 
own kinetic energy in the process.  This event conserves kinetic energy and represents the 
dominant reaction type between neutrons and materials used to moderate, or slow down, 
high-energy neutrons.  As in neutron absorption, the likelihood of neutron scattering is 
expressed in terms of cross sections.  Consequently, materials with large cross sections 
for high-energy neutrons are commonly employed to reduce neutrons to thermal energy 
ranges, thereby increasing the odds of measurable interactions, including neutron 
absorption.  To better understand the kinematics of elastic scattering, the following 
equations governing neutron energy and direction are explained.  These equations form 
the foundation of the stochastic calculations leveraged by MCNP during computational 
runs.   
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Each time a neutron collides with an atomic nucleus, a ratio exists between the 
final neutron energy, Ef, and the initial neutron energy, Ei.  According to the classical 
laws of conservation of energy and momentum, this can be expressed mathematically as  
2
2
1 2 cos( )
( 1)
f
i
E A A
E A
 

 , (2.1) 
where A is equal to the mass of the nucleus struck and   is the scattering angle of the 
incident neutron.  Therefore, in the absence of scattering (i.e.  =0o), Equation (2.1) 
provides an energy ratio of 1, while a head-on collision (i.e.  =180o) results in a 
maximum energy loss calculated by  
2
2
( 1)
( 1)
f
i
E A
E A



. (2.2) 
Additionally, the calculated angles from this interaction must be modified to 
determine the final scattering direction.  This involves a shift from the incident neutron 
coordinate system, one relative to the approach of the neutron, back to the laboratory 
coordinate system, which represents the real-world angles. This adjustment involves 
utilizing the conversion     
1 cos( )
cos( )
2



 . (2.3) 
By substituting Equation (2.3) into Equation (2.1), a final calculation for the scattered 
neutron energy, Ef, within the laboratory coordinate system can be generated with    
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Based upon Equation (2.4), the maximum amount of kinetic energy deposited by a 
neutron into a target nucleus results from a head-on collision ( =0o), as demonstrated by  
,max 2
4
(1 )
f i
A
E E
A


. (2.5) 
Therefore, the maximum energy transferrable from an incident neutron to its target nuclei 
depends largely upon the value of A for a given material.  Using the relationship 
described in Equation (2.5), a hydrogen atom, 
1
H with A=1, allows a neutron to 
potentially transfer all of its kinetic energy to the nuclei, thereby potentially reducing the 
neutron to thermal energy in a single collision.   
This explains why neutron moderators are typically constructed from low-A 
materials, such as polyethylene (C2H4); neutrons incident upon such materials possess a 
higher probability of depositing more of their kinetic energy in fewer collisions, which 
more quickly reduces the neutrons to thermal energy levels.  This concept is central to the 
functioning of the neutron detector used for this experiment, which is described in the 
following section.         
Bonner Sphere Spectrometer 
In 1960, the multisphere spectrometer, or Bonner Sphere Spectrometer (BSS), 
was first introduced to measure neutron spectra [20].  The system typically detects 
neutrons using a small (4mm x 4mm) LiI(Eu) scintillator crystal, although He
3
 tubes are 
also commonly used.  The 
6
Li within the crystal offers a relatively large absorption cross 
17 
section of 838 barns to thermal neutrons [19], and any captured neutrons produce a large, 
measurable light output.  The result of each reaction produces a total energy of 4.78 
MeV, illustrated as    
1 6 3 4
0 3 1 2n + Li H (2.728 MeV) + He (2.055 MeV) . (2.6) 
 Since the effectiveness of LiI(Eu) is limited to detecting only thermal neutrons, 
the crystal scintillator is designed to operate interchangeably within the center of a 
variety of polyethylene spheres, typically ranging in diameter from two to twelve inches.  
This ability to easily exchange shielding depths allows the BSS to measure neutron flux 
across a wide range of energies using the principle of particle moderation.   
 Particle Moderation    
 The number of neutrons, dN, traversing a given region of space, dA, is known as 
neutron flux, ( , )r t , which has dimensions of length and time [21] and is usually 
described in units of neutrons/cm
-2
-sec
-1
.  Therefore, the neutron reaction rate density, n , 
for any reaction type can be calculated by multiplying the neutron flux by the cross 
section for that specific material and reaction type [19].  This is shown as  
( , )n r t   , (2.7) 
where  
 Σ represents the macroscopic cross section for a specific neutron interaction, and 
 ( , )r t  is the flux at any time, t. 
Neutrons undergoing scattering events within a moderator lose energy until they 
are either absorbed or escape the moderator.  Polyethylene is used in BSS moderator 
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spheres due to its large ratio of scattering to absorption cross sections.  Such a ratio 
maximizes the possible number of incident neutrons that may become thermalized before 
reaching the LiI(Eu) crystal [22], a concept demonstrated in Figure 1.   
 
 
Figure 1. Schematic of possible neutron histories within two Bonner spheres of different sizes.  Track 
1 represents neutrons moderated by the polyethylene and detected by the crystal, Track 2 represents 
partially-moderated neutrons that escape the detector, and Track 3 shows how neutrons may be 
parasitically captured within the moderator material.  Larger spheres tend to enhance the frequency 
of Track 3, while reducing the frequency of Track 2 [21]. (Adapted from Knoll, pg. 554) 
 
By interchanging the polyethylene spheres between measurements of flux, the 
crystal scintillator records the neutron counts for that specific depth, or radius, of 
moderator material.  This creates a characteristic response function for each sphere, 
which is a measure of detector efficiency as a function of incident neutron energy [23].  
As the sphere radius increases, the energy range of peak efficiency for the response 
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functions shifts from lower to higher neutron energy levels because only neutrons of 
increasing energy can reach the detector.  The BSS response functions, also known as a 
response matrix, illustrate the principle of particle moderation. 
The shift in peak efficiency amongst the BSS response functions also becomes 
important when determining the optimal number of spheres to employ for a given 
experiment.  The traditional number is as many spheres as possible, provided the shapes 
of their response functions differ sufficiently [24].  Of note, the BSS suffers from 
relatively poor detector resolution across intermediate energy ranges (10 eV – 500 KeV) 
due to the lack of strong structures across that region of the response matrix [24].    
Solving for Neutron Flux 
The BSS response matrix is essential when solving for the neutron flux spectrum, 
as shown in Equations (2.8) and (2.9).  Within an array of “i” elements, the individual 
detector responses, or counts, can be expressed as a homogeneous Fredholm equation 
[22],   
0
( ) ( )j jB E R E dE

  , (2.8) 
where, 
 Bj is number of counts for the j-th detector, j=(1,i) 
 ( )E is the neutron flux energy spectrum, and  
 Rj(E) is the response function of the j-th detector.      
Once these count values are known for a set of “n” detectors, Equation (2.8) can be 
rewritten as the following equation  
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,
1
n
j g j g g
g
B R E

  , (2.9) 
where, 
 g represents the differential neutron flux for the g-th energy group, 
 Rj,g is the response of the j-th detector to the g-th energy group, and  
 ΔEg is the energy bin width of the g-th group. 
Therefore, the incident neutron energy spectrum is determined by solving for ( )E from 
Equation (2.9), a process known as spectral deconvolution or unfolding.  The software 
utilized throughout this research to unfold neutron spectra is described briefly in the next 
section.   
MAXED 
The MAXED Few Channel software was authored specifically for the purposes of 
unfolding neutron spectra from Bonner Sphere data and uses the principle of maximum 
entropy in the deconvolution of multisphere spectroscopy data [27].  The maximum 
entropy principle suggests that, for problems where multiple probability distribution 
solutions exist, the best solution is the one with the largest degree of entropy, or 
uncertainty in a random variable.  This provides MAXED a method of inference which is 
both consistent and unbiased [23].   
Before spectrum deconvolution begins, however, some information must already 
exist about the neutron source.  Whether derived by calculation, computation, or 
experimentation, a default spectrum, or a priori, is required to support the deconvolution 
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calculation [23].  The MAXED program uses this default spectrum as a baseline for the 
generated answer, even if the provided spectrum is little more than conjecture.  To 
accomplish this, the program evaluates a number of solutions which all match the 
measured response functions, and the solution most closely matching the default 
spectrum is selected.  A more robust explanation of the algorithms and input parameters 
used by MAXED for the purposes of this experiment is included later within this paper.  
MCNP6 
MCNP6 is the latest version of MCNP produced by LANL.  The following 
discussion is intended only as an overview of the tremendous capabilities inherent within 
this computational tool.  Information not provided within this paper on the use of first 
principles by MCNP6 for modeling radiation transport is left to the explanations provided 
within the MCNP6 User’s Manual.   
MCNP6 includes the recent merger of MCNP5 and MCNPX and is capable of 
modeling three-dimensional geometries, the transport of 36 continuous-energy particle 
types, reactor fuel burn-up, and delayed-gamma emissions [18].  This latest version also 
boasts new tally, source, and variance reduction options, as well as an improved plotting 
capability [25].  Essentially, MCNP6 represents the most comprehensive update to the 
MCNP code in recent decades, a fact which makes this version, once sufficiently 
validated, attractive to the US Army for solving the problem of vehicle RPF assessment.     
Similar to previous versions of MCNP, MCNP6 operates from a user-written 
input file, which contains all the necessary information to enable the program to model 
any given experiment.  First among this information is the definition of the geometric 
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spaces within the problem, known as cells, and how they exist within or among one 
another.  Cells may be designed simplistically, such as a set of cubical boxes, or in as 
detailed a manner as a nuclear reactor, complete with fuel and control rods.  Along with 
cell positioning, an assignment of material density is also possible.  
MCNP6 input parameters also govern the material composition for all cells, 
allowing the user to define any medium by its atomic composition.  These data affect 
neutron transport through calculations of mean free path and reaction rate densities, as 
discussed earlier.  Additionally, the atomic structure of each material greatly alters the 
calculations of particle scattering angle, absorption, and energy deposition.  The radiation 
source may also be defined therein, including its shape, location, radiation type, and 
emitted particle energies.  This includes manipulation of initial particle direction and 
energy spectrum.  Lastly, MCNP6 allows the user to tailor the results, incorporating 
directions for how and what specific data the code displays. 
MCNP6 also offers a number of variance reduction features built into the 
program.  These represent established techniques and fall under the broad categories of 
population control, modified sampling methods, and partially deterministic methods [26].  
For a complete definition of each technique, readers are encouraged to consult the 
MCNP6 User’s Manual; however, each feature is designed to allow users to obtain more 
precise and computationally efficient results.  Nevertheless, despite these hard-coded 
variance reduction techniques, other user-implemented forms of variance reduction may 
also be employed by users.   
For example, one technique to reduce variance from an isotropic point source at 
great distance from a detector is to funnel the emitted particles into a directional cone 
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pointed toward the detector.  This enables a significantly greater count rate per particle 
created, thereby driving down the variance of the computation.  In so doing, however, the 
number of radiation quanta, S, emitted by the source in the direction of the detector 
becomes artificially inflated and an adjustment must be made to the measured count 
number, N  [21].  The equation governing this relationship is   
4
iN S 


  (2.10) 
where 
   is the solid angle subtended by the column, and 
 i  is the intrinsic efficiency of the detector. 
For the purposes of MCNP6, εi may be assumed to equal one; however, a calculation of 
the solid angle is nevertheless required to provide an accurate value of N.  Figure 2 
provides an illustration of the solid angle for a detector of area, A, at a distance, d, from 
the source.    
 
Figure 2. An illustration of the relationship between the solid angle, Ω, and the detector surface area, 
A, sublimated by the source as a function of distance, d [22]. (Adapted from Knoll, pg. 120) 
 
r
A
S
d
Ω
Detector
Surface
24 
When the distance between the source and detector greatly surpasses the radius of the 
detector area (i.e. d >> r), the calculation of the solid angle reduces to 
2
A
d
  . (2.11) 
As such, the adjusted calculation for the number of detected particles becomes  
2
1
4
A
N S
d 
 . (2.12) 
Therefore, the use of Equation (2.12) provides the necessary adjustment to the number of 
detected particles whenever an isotropic source is modeled as a collimated conical source 
for the purposes of variance reduction.  This formula may be extended to calculations of 
particle flux, as well, since flux is simply a particle count per unit area.  Not surprisingly, 
MCNP6 can automatically perform the same calculations from Equations (2.10)-(2.12).  
To do so, the user specifies that request on the source definition card by assigning the 
particle weight to the inverse of the solid angle, or “WGT=1/fsa2.”   
Summary 
 This chapter provided the theoretical basis and relevant background information 
on the tools and techniques employed throughout this research.  Greater information on 
the specific application of these tools is provided in later chapters, as well as relevant 
portions of theory.      
 
  
25 
III.  Computational Replication of Benchmark Experiment 
Chapter Overview 
The exercises described in this chapter were conducted to familiarize the 
researcher with the two primary computational tools leveraged later in this research: 
MCNP6 and MAXED.  Specifically, modeling and unfolding benchmark spectra 
facilitated both a refinement of the computational methodologies and a validation of these 
tools for later experimentation.  Consequently, however, the conclusions drawn from 
these exercises, such as assessments of NPF, are not completed with the same degree of 
academic rigor as the results presented later in this work.  Instead, these values represent 
only estimations to justify continued use of MCNP6 and MAXED for later calculations 
of NPF conducted within this research.   
Benchmark Experiment 
In 1984, an experiment sponsored by the US Army Combat Systems Test Activity 
sought to determine the effects of borated polyethylene (BP) lining on neutron and 
gamma ray penetration through iron.  Entitled “Radiation Protection-Factor 
Measurements of a Lined Iron Box in Simulated Fission and Fusion Tactical Nuclear 
Environments,” the author, Craig R. Heimbach, ultimately determined that different 
layers of BP shielding provided different RPF values depending on the source of the 
incident neutrons, either from fission or fusion [28].  More importantly, the author also 
intended his experimental results to provide a benchmark for comparison against future 
computational results from radiation transport codes, as the excerpt below explains.   
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The shield chosen for the study was an iron box with liners of various 
thicknesses of borated polyethylene.  Such a box has already been used at 
the APRF reactor to measure radiation protection factors for fission 
neutrons.  This box has the advantage of providing results directly 
applicable to armored vehicles, and is also simple enough in shape to 
serve as a benchmark against which vehicle protection factor computer 
codes can be tested without making approximations in the geometry of the 
model. [28]  
 
 
Using this historical data, an attempt was made to validate estimates of neutron 
flux and NPF provided from MCNP6 calculations.  In doing so, the geometry, neutron 
energy, and materials were modeled in MCNP6, based upon those described in the 
experiment. The results of this computation are presented herein, as well as their 
comparison against the results collected experimentally in 1984.     
Experimental Setup, 1984 
Measurements of neutron flux, kerma, and RPF were recorded in April and May 
of 1984 at the Etablissement Technique Central de l’Armement (ETCA), in France, 
utilizing a hollow iron box with outer edges of 61 cm and a wall thickness of 2.5 cm.  A 
deuterium–tritium (D-T) neutron accelerator served as the source for all incident 
particles, producing a beam of mono-energetic neutrons of 14.1 MeV.  This reaction 
process is illustrated as  
2 3 4 1
1 1 2 0D + T = He + n (14.064 MeV) . (3.1) 
The neutron accelerator was situated atop a large tower, raised 14 meters above 
the ground to replicate the experimental conditions used previously at the APRF.  The 
iron box was then positioned two-meters off the ground on a raised steel platform at a 
horizontal distance of 402 meters from the neutron source.  During each measurement, 
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the accelerator emitted a maximum of 5.0x10
11
 neutrons per second, with approximately 
2.0x10
8
 neutrons produced per detector count.  These high-energy neutrons were emitted 
as a horizontal beam directed towards the iron box, which left a vertical gap of 12 meters 
between the source beam and detector.  Consequently, due to the distances involved, the 
accelerator behaved much more like an isotropic source than that of a beam.  Figure 3 
provides a simplified illustration of the experimental configuration used in 1984. 
 
 
Figure 3. Graphic depiction of the experimental setup employed in 1984 at the ETCA.  A D-T 
accelerator directed a beam of 14 MeV neutrons approximately 12 meters above a stationary iron 
box target.  Within the target, a set of neutron detectors was utilized to measure the neutron flux 
within the box, which was later compared to free-field measurements taken simultaneously outside 
the box. 
 
Neutron Detector 
To measure the neutron flux and spectrum for this experiment, Heimbach 
employed a Bonner Sphere Spectrometer (BSS), as described earlier.  Measurements 
were recorded both within the iron box and in its absence, which constituted the “free-
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field” measurement.  Additionally, measurements were taken using various thicknesses of 
polyethylene; however, these results were not incorporated into this validation of 
MCNP6.     
Source Monitor 
A source monitor records the count rate of particles emitted by the source during 
each measurement.  In 1984, a boron-lined proportional counter reportedly served as the 
source monitor for the D-T accelerator used at the ETCA.  Although unspecified in the 
literature, the type employed was assumed to be a 
3
He proportional counter, which 
interacts with neutrons through a 
3
He (n,p) reaction.  Commonly utilized in slow neutron 
spectroscopy, the 
3
He proportional counter suffers from very low cross sections for 
neutron interaction above 764 keV.  Additionally, at those energy levels the chances 
increase substantially that other competing reactions may also take place, thereby 
negatively affecting data collection.  These factors severely limit the efficiency of 
3
He 
detector for fast-neutron spectroscopy; however, they can be overcome.  One common 
technique involves exposing the proportional counter to a known high-energy neutron 
spectrum and calculating a function to normalize neutron counts for energy regions of 
low sensitivity.  While this practice can significantly improve neutron detection across a 
wide energy spectrum, the published experimental design provided no information on 
whether, or how, such a technique was employed at the ETCA in 1984.     
Miscellaneous Detectors  
Additionally, a 16-liter tissue-equivalent ion chamber and a gamma-ray ion 
chamber were among the other types of detectors leveraged during the 1984 experiment.  
The purpose of the tissue-equivalent ion chamber was to measure the total kerma per unit 
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of time.  Using the neutron count rate data from the proportional counter, this enabled a 
calculation of dose-rate per source neutron.    The device was constructed out of tissue-
equivalent plastic and housed a tissue-equivalent gas to enable a more precise 
determination of total tissue kerma from both neutrons and gamma rays.  The gamma-ray 
ion chamber utilized high pressure argon gas, which enabled measurements of the dose 
rate due to source neutrons, as well; however, this ion chamber also detected the 
secondary gamma rays produced from the high-energy neutron beam.      
Simulation of the Benchmark Experiment  
MCNP6 Input Cards and Geometry 
In order to recreate the benchmark experiment of 1984, two input cards were 
created for MCNP6, which are included in Appendix A.  The first input file models an 
iron box, identical in dimensions to that reported in the benchmark experiment.  The box 
is positioned on a 2 cm thick steel plate, which serves to replicate the top of the metal 
tower upon which it rested.  As such, these objects are suspended two meters above the 
bottom of the problem, below which all neutrons are considered escaped particles.  With 
walls 2.5 cm thick, the box itself is hollow; however, centered within the box cavity is a 
polyethylene sphere with a radius of 15.25 cm, which serves two purposes for this 
experiment.  First, the size and material type replicate the largest sphere of the BSS 
detector.  Secondly, by utilizing the F4 Tally to measure neutron flux throughout a given 
volume, the sphere serves as the detector for the purposes of this computational 
experiment.   
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The source is modeled at a distance of 402 meters, as reported in the experimental 
literature.  However, instead of placing an isotropic source at a height of 14 meters, the 
source is instead placed level with the target iron box and replicated as a beam.  This is 
done for variance reduction purposes due to the immense distance separating the source 
and iron box in comparison to the detector size.  Consequently, in order to properly adjust 
the measured detector flux, the solid angle was calculated using Equation (2.11):    
 7
2
4.521
A
d
     (3.2) 
The final geometry for the computational model measuring neutron flux within 
the iron box is shown below: 
 
 
Figure 4. Diagram of the modeled dimensions used by MCNP6 to calculate the neutron flux within 
the iron box at a distance of 402 meters from the source. 
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Similarly, a second input card was written to model and measure the free-field 
neutron spectrum for comparison against the field measured within the iron box.  In this 
calculation, the iron box was removed completely, leaving only air between the 14.1 
MeV source neutron beam and the polyethylene sphere of 15.25 cm radius.  A consistent 
radius was selected to replicate both the solid angle and the size of the BSS detector used 
in the model of the iron box.  This provided a comparable perpendicular detector area of 
730.62 cm
2 
and an identical value for the solid angle, .  The steel plate beneath the 
sphere remained, which again represented the top of the tower upon which the detector 
rested.  Figure 5 provides a diagram of the detector configuration used to model the free-
field neutron flux.  The MCNP6 solutions to the neutron flux spectra within the iron box 
and for the free-field are provided in Appendix B. 
 
 
Figure 5. A diagram of the MCNP6 model executed for a measurement of neutron flux in a free-field 
environment.  The iron box was removed and the shape of the incident neutron beam was altered to 
enable this calculation. 
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MAXED Software Employment 
Additionally, MAXED software was utilized to unfold the measurements 
recorded via BSS detection in 1984.  The published data were replicated as input files for 
the MAXED program, including the detector count rates (CR), the provided a priori 
spectrum, and the published response functions for each sphere used to unfold the 
spectra.  Of note, certain data required for the proper functioning of MAXED were absent 
from the 1984 report, including the fractional (CRFrac) and absolute (CRAbs) uncertainties 
for each detector configuration, as well as the R-value, which includes the uncertainty of 
the measured data due to other causes.  In place of these omitted data, sample values 
presented in the MAXED User’s Manual were placed in their stead to facilitate spectrum 
deconvolution.     
Based upon the published data and assumed uncertainties, MAXED initially 
returned solutions failing to converge.  Interestingly, the MAXED manual made no 
mention of a cadmium-lined shell as part of the Bonner Sphere assembly, and once the 
data from the shell containing the cadmium lining were removed from the MAXED input 
file, both spectra converged to values far more consistent with those reported in the 
experiment.  Tables 1 and 2 provide the values input into MAXED for spectra unfolding.     
Table 1.  Experimental data measured on 24 April 1984 and input into MAXED software for free 
field spectrum unfolding. 
Detector CR CRFrac CRAbs R 
Bare 2.12E-12 0.53 1.12E-14 2.9 
2 4.32E-12 0.30 1.30E-14 2.0 
3 6.69E-12 0.30 2.01E-14 2.0 
5 8.65E-12 0.23 1.99E-14 1.2 
8 7.17E-12 0.32 2.29E-14 1.3 
10 5.44E-12 0.13 7.07E-15 1.3 
12 4.06E-12 0.20 8.12E-15 1.6 
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Table 2.  Experimental data measured on 26 April 1984 and input into MAXED software for iron 
box spectrum unfolding. 
Detector CR CRFrac CRAbs R 
Bare 7.49E-13 0.53 3.97E-15 2.9 
2 4.07E-13 0.41 1.67E-15 4.0 
3 2.37E-12 0.30 7.11E-15 2.0 
5 5.21E-12 0.30 1.56E-14 2.0 
8 9.08E-12 0.23 2.09E-14 1.2 
10 7.18E-12 0.32 2.30E-14 1.3 
12 4.88E-12 0.13 6.34E-15 1.3 
 
MAXED utilizes a statistical χ2 test to quantify the statistical significance of the 
solution spectrum.  Statistical significance is obtained automatically if the χ2 per degree 
of freedom (df) value falls below 1.0.  In the case of the free-field spectra, the χ2/df 
equaled 1.70.  Nevertheless, the total computed χ2-value of 10.2 for 6 degrees of freedom 
still falls below the critical value of 10.65 for an α=0.10, which indicates significance.  
Additionally, the χ2/df returned by MAXED for the iron box spectrum was 0.81, thereby 
indicating significance.  Based upon the results provided by MAXED, which are included 
in Appendix C, both solutions are statistically significant based upon the measured data 
and associated uncertainties.  
Comparison of Results  
The results produced by both MCNP6 and MAXED provide reasonable 
agreement with the data reported from the 1984 experiment.  Specifically, the 
experimentally measured flux spectra resulted in a NPF of 1.41 for the iron box, whereas 
the same spectra modeled using MCNP6 returned a NPF of 1.35.  This is a relative 
difference of less than 5%, which represents a significant agreement.  Additionally, 
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MAXED unfolding of the free-field and box spectra produced flux values within 6% and 
23%, respectively, relative to the experimental data from 1984.  These results suggest that 
both MCNP6 and MAXED accurately replicate the neutron field present at the ETCA in 
1984.  These findings support the further use of both tools and the employed 
methodologies in future research.  
Experimental Results  
The benchmark experiment conducted in 1984 measured the neutron flux present 
inside and outside of an iron box exposed to a field of 14.1 MeV mono-energetic 
neutrons.  The measurements obtained using a BSS in both environments were unfolded 
through unidentified methods and published as a function of E ( )E  with units of n/(cm2-
sn).  These spectra are provided in Figure 6, but the task of replicating the reported results 
computationally becomes challenging without more detailed information on the methods 
of detection and spectra unfolding.   
 
Figure 6. Plot of the experimentally determined neutron flux energy spectra in units of n/cm
2
-source 
neutron.  Data points extracted from Heimbach results [28].   
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Based upon this spectra comparison, Heimbach concluded that the iron box acted 
principally to reduce the thermal neutron flux in the experiment [28].  Beyond this 
analysis, a calculation of neutron protection factor (NPF) is also possible using these 
measurements.  Specifically, an application of Equation (1.2) to the summed values of 
total neutron flux per energy bin can provide an estimate of the NPF.  Of note, however, 
these values are only estimates of NPF and do not incorporate dose.  This implies the 
effects on biological systems due to differences in neutron energy are ignored in this 
estimation; however, these contributions lessen if the compared values of NPF are based 
upon spectra possessing similar flux structure.  This calculation produces an experimental 
NPF assessment of 1.41 for the steel box, which provides a critical point of comparison 
against the values of neutron flux determined computationally.  
Computational Results 
The simulated neutron flux measured both within the iron box, as well as for the 
free-field environment, was first adjusted based upon the solid angle for each of the two 
detectors.  This calculation utilized Equation (2.11) and produced a solid angle, Ω, for 
both detectors of 4.521x10
-7
, as explained above.  The solid angle was then incorporated 
into Equation (2.12), thereby producing a conversion factor of 3.598x10
-8
 steridians, as 
shown in Equation (3.3). 
8(3.598 )
4
N S S

    (3.3) 
This conversion factor was multiplied against the values for the neutron flux, 
which produced the data provided in Figure 7.     
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Figure 7. Computed neutron flux spectra from MCNP6, adjusted for the solid angle of each detector. 
 
For each of the two computational experiments, the MCNP6 simulated a total emission of 
100 million neutrons.  This number of source particles drove the relative error for each 
energy bin below 1% for both the iron box and the free-field measurements.  Both tests 
passed all ten statistical checks of tally fluctuation used by MCNP6 to ensure the 
experiments met the standard criteria expected for relative error, variance of the variance 
(VoV), figure of merit (FOM), and probability density function.  As in the case of the 
experimental data, the ratio of neutron flux modeled within the box and for the free-field 
can be used to calculate an estimate of NPF, which produced a MCNP6 assessment of 
1.35 for the NPF offered by the iron box.   
Results Compared 
Despite discrepancies between the experimental and computational values of flux 
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example, although the values for neutron flux generated by MCNP6 differ by two orders 
of magnitude, the spectra within the free-field and iron box matched in many regards.  
Specifically, the oscillations of the spectra, which represent the neutron interactions with 
the polyethylene moderator, match almost exactly.  When the respective spectra are 
scaled appropriately and overlapped, Figures 8 and 9 demonstrate the commonalities 
evident between the experimentally and computationally-derived flux spectra for both the 
iron box and free field.   
 
Figure 8. Experimental and computational neutron spectra from within the iron box, with the 
experimental data extracted from the Heimbach results [28]. Spectra were emitted by a 14.1 MeV 
neutron source at a distance of 402 meters and measured using polyethylene moderators.   
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Figure 9. Free-field neutron spectra results, both experimental and computational, with experimental 
data extracted from Heimbach results [28].  Spectra were emitted by a 14.1 MeV neutron source at a 
distance of approximately 402 meters and measured using polyethylene moderators.   
 
Based upon this comparison, the possibility exists that an unidentified and 
undocumented scaling factor of 100 was applied to the data obtained in 1984.  
Unfortunately, that experiment lacked detailed documentation concerning the 
manipulation of the data, which might account for this difference.  Nevertheless, the fact 
that the MCNP6 data accurately recreates the shape of the reported neutron spectra in 
both cases suggests MCNP6 provides a reasonable approximation for this data.   
Additionally, although the 1984 benchmark experiment provided no explanation 
for how the neutron spectra were unfolded using the provided BSS response functions, 
the MAXED software provided a reasonable estimate for the neutron spectra even when 
estimated values for the absolute and percentage uncertainties were applied.  Figures 10 
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and 11 demonstrate the agreement between the published neutron spectra, those unfolded 
by unidentified means, and those unfolded using the MAXED software. 
 
Figure 10. Comparison of the MAXED-generated and experimentally determined neutron flux 
spectra within the iron box.  The spectra were generated based upon the reported BSS count rates 
and detector response functions provided in the benchmark experiment of 1984 [28]. 
 
 
Figure 11. Comparison of the MAXED-generated and experimentally determined neutron flux 
spectra for the free-field environment.  The spectra were generated based upon the reported BSS 
count rates and detector response functions provided in the benchmark experiment of 1984 [28]. 
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Both MAXED spectra demonstrate good overall agreement with the spectra 
reported in the benchmark experiment.  Specifically, the free field spectrum returned 
values differing by less than 6% from the experimental data.  Unfortunately, MAXED 
values computed for the box spectrum produced differences of more than 23% relative 
error when compared to the experimental values.  Due to the lack of data critical to the 
refinement of these spectra, a more accurate calculation may not be possible.  
Lastly, the comparison of the neutron flux spectra for the free-field and iron box 
demonstrates a remarkable agreement between the experimentally reported data and those 
replicated computationally by MCNP6.  In fact, MCNP6 results for the iron box NPF are 
in almost perfect agreement with those experimentally determined.  Through the 
application of Equation (1.2), it can be shown that MCNP6 calculations for the NPF of 
the iron box fall within 5% of those determined experimentally.  The NPF ratio 
represents the most important data analysis from this comparison, and the fact that these 
results stand in such excellent agreement strongly supports further investigation of 
MCNP6 for applications in assigning vehicle protection factors to military vehicles.      
Summary 
The significant conclusion drawn from this experiment is that historical data on 
neutron transport were accurately replicated using MCNP6, and a validation of the 
software was completed through comparisons of the computational and experimental 
results.  The demonstrated accuracy of MCNP6 in computing the NPF for this example is 
a direct result of its ability to model particle interactions, thereby producing accurate 
neutron flux spectra.  Additionally, despite the use of arbitrary error values, MAXED 
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returned unfolded spectra in relatively good agreement with the published values. 
Therefore, MCNP6 and MAXED appear promising in their ability to provide reliable 
data for more complicated experiments.   
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IV. Experimental Methods 
Chapter Overview 
This chapter describes the setup and execution of the principle experiment used 
for this research, one designed to validate MCNP6 for NPF assessments using simplified 
geometries and materials.  Additionally, this chapter also provides a firm methodology to 
support future efforts in validating MCNP6 for other components of RPF assignment.  
Ancillary experiments conducted in support of these objectives are also described in this 
chapter, including a detailed methodology for the calculation of new BSS response 
functions using MCNP6 and the experimental characterization of a plutonium-beryllium 
(
239
PuBe) source. 
Bonner Sphere Response Functions 
The purpose of this research was to utilize MCNP6 to replicate and improve upon 
the Bonner sphere response functions published in the benchmark study conducted by 
Vladimir Mares and Hans Schraube in 1994 [29].  Monte Carlo codes such as MCNP 
have been leveraged for this purpose before, and comparisons of these computational 
solutions against experimental measurements have shown excellent agreement [24].  
As explained earlier, response functions are essential for spectrum deconvolution, 
or unfolding, when using a BSS; the response functions, which together comprise a 
response matrix, are represented by Rj,g in Equation (2.9).  Therefore, all BSS spectrum 
unfolding software, including MAXED, relies upon a user-provided response matrix to 
derive the optimal flux spectrum solution from this equation.  The results of this 
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experiment are included in this chapter, with the response functions produced by MCNP6 
incorporated into the MAXED program for all subsequent spectrum unfolding described 
in this document.     
The response functions were modeled using MCNP6 to assist in the verification 
of the software, as well as due to the practical limitations preventing their experimental 
determination.  Specifically, the shortage of mono-energetic neutron sources from 
thermal to multiple MeV energies necessitates the use of such computational methods.  
For the purposes of this experiment, the response functions were calculated using 
energies from thermal to fast, or 1.0x10
-08
 to 25.12 MeV.  Furthermore, due to the use of 
a 4x4 mm LiI(Eu) scintillator in the following experiments, this same detector 
configuration was utilized in the modeling of the response functions.  The final response 
matrix includes the bare scintillator, as well as the 2, 3, 5, 8, 10 and 12-inch diameter 
spheres. 
Material Design      
Although standard LiI(Eu) scintillators consist of 
6
Li, 
7
Li, and 
127
I, as well as trace 
amounts of Eu, the modeled crystal was a combination of only 
6
Li and 
127
I.  This was 
based upon the MCNP4 input used by Mares and Schraube [29] and provides a set of 
isotopes with cross sections for neutron absorption shown in Figure 12.  Neutrons 
reaching the LiI(Eu) crystal are absorbed by this combination of nuclei; however, for this 
research, the sole interest rests in the neutron absorption by 
6
Li.    
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Figure 12. ENDF/B-VII neutron absorption cross sections of 
6
Li and 
127
I.  This plot serves to 
graphically illustrate the energy range of neutron absorptions in the MCNP6 model [30].  
 
The literature provided an assumed crystal density of 3.84 g/cm
3
, and a weight 
fraction in MCNP6 of 5.18% 
6
Li and 94.82% 
127
I.  Based upon this knowledge, the 
atomic number density, N, can be determined from the equation  
ANN
M

 , (4.1) 
in which ρ is the crystal density, NA is Avogadro’s number, and M is the molar mass.  
Using the associated molar mass of 132.919 g/mol, the final atomic number density may 
be derived as   
31.74 22( / )A
N
N E atoms cm
M

  , (4.2) 
which is consistent with the value derived by Mares and Schraube [29].  Lastly, the 
density of the polyethylene spheres was assumed to be 0.95 g/cm
3
, in accordance with the 
literature.  
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Constants of Proportionality 
MCNP6 uses a tally multiplier card, or FM card, to multiply any tallied flux by 
any cross section to produce nearly all reaction rates [25].  Therefore, the FM card is used 
to calculate any quantity of the form  
( ) ( ) ( , )R E C E n dE    , (4.3) 
where R(E) is the detector response, ( )E is the energy dependent neutron flux (particles/ 
cm
2
), and  represents the MCNP6 cross-section library reaction numbers.  This 
equation provides the Rj(E) component to Equation (2.8), with MCNP6 solving the 
integration in Equation (4.3) with Monte Carlo methods.  This, however, leaves the 
program lacking the arbitrary scalar quantity used for normalization, which is known as 
the constant of proportionality, C.  This value is defined by the material and geometric 
properties of the experimental environment and was produced for each detector 
configuration, i, using the equation 
2
int 24
1
( / )
10
i Source Sc illatorC NA V barns cm , (4.4) 
where N is the atomic number density, Asource is the surface area of the disk source, and 
Vscintillator is the volume of the scintillator.  The calculated values for these constants are 
provided in Table 3. 
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Table 3. Calculated constants of proportionality used in MCNP6 BSS response function modeling. 
 
  Detector Constant of Proportionality 
Bare 1.400E-04 
2in 1.774E-02 
3in 3.990E-02 
5in 1.109E-01 
8in 2.838E-01 
10in 4.435E-01 
12in 6.386E-01 
 
Equation (4.4) provided the input data for the tally multiplier card in MCNP6, 
FM4 (Ci 7 105), where Ci is the detector constant of proportionality, 7 is the crystal 
material number, and 105 is associated to the (n,t) reaction of 
6
Li, which only occurs 
during neutron absorption [27].  Therefore, the response functions are a total count of 
only neutron absorptions within the 
6
Li of the crystal scintillator.   
Model Design 
Within MCNP6, the scintillator crystal was modeled as a 4x4 mm
2
 right circular 
cylinder (RCC) suspended in vacuum inside a 14x16 mm
2
 aluminum RCC with wall 
thicknesses of 4 mm.  Each detector configuration was irradiated with a parallel beam of 
mono-energetic neutrons produced by a circular disk of equal diameter to that of the 
moderating sphere.   
When computing each of the six moderating sphere response functions, the 
aluminum RCC and the LiI(Eu) RCC crystal were modeled as described above with the 
circular faces of both RCCs facing the neutron source, as shown in Figure 13.  The light 
pipe, however, was not considered in these instances due to its similar moderating 
properties to that of the polyethylene [29].   
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Figure 13. Diagram of the computational model used by MCNP6 to reproduce the response functions 
for each moderated sphere.  Of note, the light pipe is absent from this model. 
 
In the case of the bare detector, the orientation of the crystal was rotated by 90
o
 so 
that the square-shaped cross section of both crystal and aluminum RCC faced the neutron 
source.  In this configuration, the disk-shaped neutron source was replaced by one of 
square 4x4 mm
2
 dimensions directed toward the crystal.  Additionally, because neutrons 
scattering off the geometry of the light pipe substantially affect the detector response, a 
modeled light pipe was also added to account for this phenomenon.   
Lastly, a thermal neutron scattering treatment was used to account for chemical 
binding and crystalline structure effects from polyethylene using the S(α,β) treatment 
offered by MCNP6.  Importance sampling was utilized through the design of concentric 
polyethylene spheres to reduce variance in the model, particle tallies for each response 
function reduced uncertainties below 4% for every energy level.  Example MCNP6 input 
cards for the bare and 12-inch detector configurations are included in Appendix D.   
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BSS Response Matrix Results 
The MCNP6 model returned a response matrix which differed from the Mares and 
Schraube data by a factor of two.  The application of the older ENDF VI reaction library, 
upon which Mares and Schraube is based [29], failed to significantly alter the new 
response matrix results.  The conclusion to be drawn from this exercise is that updates 
within the MCNP code between versions MCNP4 and MCNP6 may be responsible for 
this discrepancy.  Figure 14 displays the MCNP6-generated response matrix, while 
Figures 15-18 display a sample of the Mares and Schraube data compared against 
MCNP6 results after applying a scaling factor of two.   
 
 
Figure 14. BSS response matrix derived using MCNP6, based upon inputs parameters described by 
Mares and Schraube [29]. 
1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1 1 10
1E-5
1E-4
1E-3
0.01
0.1
 
 
R
e
s
p
o
n
s
e
 (
c
m
2
)
Energy (MeV)
 Bare LiI(Eu) Detector
 2in Sphere
 3in Sphere
 5in Sphere
 8in Sphere
 10in Sphere
 12in Sphere
49 
 
Figure 15. Comparison of Mares and Schraube (M&S) BSS response function for the bare 
scintillator against the scaled MCNP6-generated data for the same.  A minor difference between the 
two persists across the 1.00E-08 to 1.00E-01 MeV energy range.  
 
 
Figure 16. Comparison of Mares and Schraube (M&S) BSS response function for the 2-inch 
diameter sphere against the scaled MCNP6-generated data for the same. 
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Figure 17. Comparison of Mares and Schraube (M&S) BSS response function for the 5-inch 
diameter sphere against the scaled MCNP6-generated data for the same. 
 
 
Figure 18. Comparison of Mares and Schraube (M&S) BSS response function for the 12-inch 
diameter sphere against the scaled MCNP6-generated data for the same. 
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In the case of the bare detector (Figure 15), a minor difference in value can be 
seen between the 1.0x10
-08
 and 1.0x10
-01
 MeV energy range.  The exact cause for this 
discrepancy remains unknown, despite the return of identical results using both ENDF VI 
and VII.  As discussed earlier, the difference in values for this detector configuration may 
be attributed to changes in the internal code libraries between MCNP4C and MCNP6.  
Regardless of the source, a future argument might be made that the MCNP6 data more 
closely mirrors the 
6
Li neutron absorption cross section plot (Figure 12) than the data 
provided by Mares and Schraube, especially over the absorption peak between 1.0x10
-01
 
and 6.31x10
-01
 MeV.   
In order to quantify the goodness of fit between the MCNP6 response functions 
and the 1994 Mares & Schraube data, a χ2 test was performed.  This involved adopting 
the hypothesis that both response matrices were statistically identical and any deviations 
in value between the two occur as a result of random fluctuations.  To evaluate the 
hypothesis, the observed values for each response function (O) were compared with the 
theoretical or expected values (E) using Equation (4.5) [31], 
In the case of this experiment, observed values were drawn from each MCNP6 
response function and the respective Mares & Schraube responses constituted the 
theoretical values.  The k-value in Equation (4.5) represented the number of energy 
groups compared, in this case a value of 26.  Only the response values corresponding 
with these 26 energy bins were compared in this analysis, which terminated at an upper 
2
2
1
( )k
i
O E
E



 . (4.5) 
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limit of 25.51 MeV.  Using Equation (4.5), calculations of the χ2 values for both the 
scaled and unscaled MCNP6 response matrix data are provided in Table 4.    
Table 4. Calculated χ2 values for each detector configuration using MCNP6.   
Detector χ2-scaled χ2-unscaled 
Bare 7.4789E-02 4.4379E-01 
2in 5.2026E-03 4.6860E-01 
3in 1.2123E-02 7.9543E-01 
5in 1.9360E-02 1.1125E+00 
8in 1.1315E-02 7.7458E-01 
10in 8.2164E-03 5.3874E-01 
12in 6.3488E-03 3.7395E-01 
  
As evident in Table 4, the calculated χ2 values for each detector configuration fall 
far short of the 34.38 critical value for 25 degrees of freedom and an alpha of 0.10.  
Therefore, based upon the calculated χ2 values for each detector, this analysis strongly 
suggests an acceptance of the null hypothesis.  Any minor differences between our 
experimental MCNP6 response matrix and the data published by Mares & Schraube in 
1994 can be attributed to chance fluctuations.   
In conclusion, these results firmly justify the incorporation of the unscaled 
MCNP6 response functions in future applications of MAXED spectrum unfolding within 
this research, as well as for other applications of BSS response.  The MCNP6-derived 
response function data may be found in Appendix E. 
MAXED Files 
This section describes the four types of input files used by the MAXED program 
and explains how the files were used to support the experimental design.  This section 
also describes the maximum entropy principle and algorithm used by MAXED in 
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accomplishing spectrum unfolding.  In all cases, MAXED was operated using the “Few 
Channel” approach because the number of expected measurements fell far below its 
maximum of 100, and the energy bins numbered much less than 1000.   
Input Files 
The four MAXED input files include the control, measured data, response 
function, and default spectrum files.  MAXED is written in FORTRAN 90 and may be 
run using either a control file or from the prompt.  For the purposes of simplicity, as well 
as reproducibility, a control file consisting of ten records was created for each 
experiment.  These records specify the parameters required by MAXED to run 
successfully and are described in Table 5. 
Table 5. MAXED control file records. 
Record Description Example Values 
1 Name and location of the measured data file Data.ibu 
2 Name and location of the response function file RF.fmt 
3 Name of the output file Output.flu 
4 Name of the default spectrum file DS.flu 
5 Highest energy of the solution spectrum 6.31 or 12.00 MeV 
6 Requested final χ2 per degree of freedom 1.0 
7 Temperature and reduction factor 1.0, 0.85 
8 Energy bin structure, Solution bins 2.0, 1.0 
9 Scaling option for default spectrum 0.0 
10 Scaling option for MAXED 0.0 
      
Records 1-4 are arbitrary and based upon the desires of the user; however, the file 
type is very particular.  Control files themselves are written in a “*.inp” format and will 
function in no other form.  Record 5 determines the uppermost limit for the output file; in 
the case of the D-D spectrum this was set to 6.31 MeV, and in the case of the 
239
PuBe 
source this was set to 12.00 MeV.  Record 6 enables the user to request χ2 values of less 
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than one, which is always optimal.  Previous versions of MAXED did not offer this 
option and uniformly set the value equal to one.  Record 7 is used by the simulated 
annealing subroutine within MAXED, and the values of 1.0 and 0.85 are highly 
recommended in the MAXED User’s Manual [23].  The 8th record allows the user to 
select the energy bin structure of the output spectrum.  In all cases, use of the default 
spectrum energy bins and an output in units of d /dE (flux/ bin) was selected, so an 
input of 2.0, 1.0 was used.  The two final records enable spectrum scaling using a binary 
input of 1.0 for “yes” and 0.0 for “no,” first for the default spectrum and lastly for the 
output spectrum.  In all cases, 0.0 was selected because spectrum scaling was to be 
handled manually outside the confines of the MAXED program.  
The second file MAXED requires for spectrum deconvolution is the measured 
data file, which provides all the experimental data and associated uncertainties from 
using the BSS and LiI(Eu) scintillator.  This information is listed in three principal 
records, with the third entry consisting of seven items.  This final record repeats itself for 
each different moderator configuration used in the experiment.  The formats for these 
files, as well as example values used in the experiment, are shown below in Table 6.    
Table 6. MAXED measured data file records. 
Record Description Example Values 
1 Name of the input data file Input 
2 Number of measurements 7 
3a Eight character identification Bare, 2in, etc. 
3b Moderator diameter (inches) 0, 2, etc. 
3c Measured count rate (c/s) 6.57, 14.23, etc. 
3d Uncertainty due to statistics (absolute) 0.02713, 0.06133, etc. 
3e Uncertainty due to statistics (percentage) 0.413, 0431, etc. 
3f Other uncertainties (FWHM) 2.63, 2.2, etc. 
3g A "flag" to include or exclude a measurement 1-7 
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The third MAXED input file is the response function file, which details both the 
energy bins and corresponding responses for the bare detector and each moderating 
sphere.  There are seven records in this input file, with the seventh record repeating to 
account for each specific response function.  Table 7 provided descriptions of each of 
these records.   
Table 7. MAXED response function file records. 
Record Description Example Values 
1 Header (user specified) Input 
2 Header (user specified) 7 
3 Number of energy bins and units of energy 27, 1(MeV) 
4 Response function energy bin edges 1.00E-08, 2.518E-08, etc. 
5 Dummy variable, meaningless 0 
6 Number of response functions 7.0000E+00 
7a Response function identification 0Bare, 2in, 3in, etc. 
7b Units of response 1.00E+00 cm
2
 
7c The specific response values 7.3079E-02, 7.2247E-02, etc. 
 
The final input file used by MAXED is the default spectrum, which serves as the 
a priori information against which all the possible solution spectra generated by MAXED 
are compared.  This is especially important in the Few Channel setting, where the number 
of detector configurations is much smaller than the number of energy bins, resulting in an 
under-defined system of equations.  The records used for the default spectrum input file 
are described in Table 8. 
Table 8. MAXED default spectrum input file records. 
Record Description Example Values 
1 Header (user specified) DS 
2 Default spectrum form, Energy units 2 (Fluence rate/bin), 1 (MeV) 
3 Dummy variable, Num. bins (x2), Max energy 2, 23, 23, 6.31 (MeV) 
4 Energy bin edges, Magnitude 1.00E-08, etc., 0 
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The MAXED Algorithm 
MAXED uses a maximum entropy algorithm to derive the optimal spectrum from 
a variety of possible solutions.  This can be more simplistically defined as a set of input 
parameters, a set of output parameters, and the equations relating those quantities [23, 
27], where k represents the specific detector from 1…m, i is a specific energy bin from 
1…n, and m<n.  Based upon these conditions, the unfolding leads to a set of parameters 
(λ,γ) that satisfy the following two equations   
,k k k i i
i
N R f  , (4.6) 
and 
2
2
k
k k


  , (4.7) 
where 
 Nk is the measured counts, 
 εk is the difference between the measured and expected value for detector k, 
σk is the estimate of the measurement error, 
fi is the solution spectrum, 
Rk,i is the response for detector k and 
Ω is a parameter that fixes the χ2 of the solution (user defined). 
Both equations set the constraints on the overall entropy equation.  Equation (4.6) 
correlates the measured data to the associated response function and solution spectrum, 
while allowing for measurement error.  Equation (4.7) constrains the εk by assuming that 
57 
the χ2 of the solution is the value defined by the user.  Based upon these conditions, the 
entropy, S, can be written as    
( ln( ) )DEFii i iDEF
f i
f
S f f f
f
   , (4.8) 
where 
DEF
if  is equal to the default spectrum value for the i-th energy group.  The 
maximization of Equation (4.8) results in the following two equations,  
,exp( ( ) )
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(4.10) 
These equations enable a solution to be determined for λk, and a maximization of 
the potential function F(λk) is possible using the simulated annealing expressions in 
MAXED.  Since the maximum entropy solution can be written in closed form, Equations 
(4.6) and (4.7), as well as Equation (4.9) and (4.10), may be used to calculate the effect of 
small changes in the input parameters [27].   
239
PuBe Source Characterization 
Source 
The source used for this experiment was AFIT source number 00300, a 4.89 Ci 
239
PuBe sample created on 23 June 1960.  The 79.79 gram source was manufactured by 
Monsanto and assigned a serial number of M-580.  The source is housed in a cylindrical 
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aluminum casing attached to long aluminum rod, which was used for source placement 
and manipulation.   
Experimental Setup 
Measurements were recorded in the basement of Building 470 on WPAFB using 
the small source handling room, which is encased by approximately 24 inches of concrete 
shielding on every side.  During measurements, the cylindrical source was positioned flat 
on a thin plastic table with the length of the casing facing toward the detector.  Thin 
pieces of aluminum set on each side and at its end prevented the source from rolling on 
the table and allowed for consistent placement during each measurement.     
For this portion of the experiment, measurements were recorded using the BSS 
transport cart to support the detector, and the LiI(Eu) scintillator was placed at a distance 
of exactly one meter from the 
239
PuBe source.  Figure 19 provides a picture of the 
transport cart configuration with the bare scintillator in the upright position. 
 
Figure 19. Sample setup of the BSS using the transport cart as a measurement apparatus with the 
bare scintillator atop the cart.   
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The specific types of equipment utilized in this experiment are listed below in 
Table 9, as well as the serial numbers of the exact items used.  The LiI(Eu) detector was 
connected to a preamplifier to provide it with power, as well as to transmit its 
measurements through the linear amplifier to the ADCAM and on to the laptop for data 
analysis.  Figure 20 provides a line and block chart showing how all the instrumentation 
was connected, and Table 10 lists the specific settings used on the power supply and 
linear amplifier.    
Table 9. Instruments used to record measurements for the 
239
PuBe spectrum characterization. 
Instrument Model Serial Number 
Bonner sphere spectrometer (BSS) Ludlum 6306 
LiI(Eu) scintillator and light pipe Ludlum 42-5 PR300004 
NIMBox ORTEC 60096 
Preamplifier ORTEC 142IH 2012 
High voltage power supply Canberra, 3102D 875 
Linear amplifier ORTEC 572 4745 
ADCAM MCB ORTEC 926 6165198 
Laptop with ORTEC Gamma Vision Gateway N/A 
 
 
 
Figure 20. Detection system electronic setup utilized during the 
239
PuBe spectrum characterization 
measurements.   
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Table 10. MAXED default spectrum input file records. 
Equipment Model Setting(s) 
High Voltage Power Supply Canberra 3102D 650V 
Linear Amplifier Ortec 572 Gain= 1.00 
  
CG= 20 
  
Shaping Time= 2 μsec 
 
Measurements were recorded through the ADCAM MCB using ORTEC Gamma 
Vision software, and response curves were recorded for post processing analysis.  All 
seven detector configurations were utilized, including the bare scintillator and the 2, 3, 5, 
8, 10, and 12 inch spheres.  The gross number of counts recorded under each alpha peak 
was set at 65,000 to allow for sufficient statistical certainty in the results. Following the 
1/√(N) uncertainty, this implies that 65,000 gross counts will result in a count rate 
uncertainty of ~0.4%, which is considered acceptable. 
Modeling in MCNP6 
The MCNP6 model for this experiment consisted of a cubical room, with concrete 
walls set to a thickness of two feet.  The source was defined as isotropic, and the LiI(Eu) 
detector was modeled at a distance of exactly one meter from the source.  Figure 21 
provides a diagram of the model based upon the MCNP6 input cards, although the point 
source representing the 
239
PuBe cylinder is not visible. 
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Figure 21. Computational model of the 12 inch Bonner sphere (red) within the source chamber, here 
modeled as a cube (XZ and XY coordinates, respectively).  The isotropic 
239
PuBe source cannot be 
seen; however, it is modeled at a range of exactly one meter from the crystal.  The red circle is the 
polyethylene sphere, and the dot represents the aluminum RCC containing the LiI(Eu) crystal.    
 
An F4 tally was used to determine the average neutron flux within the crystal, and 
concentric spherical layers of polyethylene increased the importance of neutrons traveling 
toward the detector.  The source was modeled using both SI and SP definitions to account 
for the variable intensity and probability of the emitted neutrons, respectively.  The 
MCNP6 input file used in this experiment is included in Appendix F.    
Neutron Protection Factor (NPF) Experiment 
Source 
The Adelphi Technology DD108 Neutron Generator located in Building 194 of 
WPAFB served as the neutron source for the steel box and free field measurements 
recorded in this experiment.  This device, as with many similar systems, utilizes a 
deuterium-deuterium fusion reaction to produce 2.45 MeV neutrons nearly isotropically 
from the target chamber.  This reaction can be described using the equation   
Z 
        X 
Y 
        X 
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2 2 3 1
1 1 2 0H + H He (0.82 MeV)  + n (2.45MeV) , (4.11) 
with the reaction products being a triton and a free neutron.  This particular reaction is 
popular in scientific research for a number of reasons.  First, due to the relatively low 
coulomb barrier between the deuterons, once a build-up of deuterons accumulates on the 
titanium target, the remaining incident deuterons require very little acceleration to create 
fusion.  This means the power requirements for this type of system are low, usually only 
between 100-300 kV, so the neutrons produced are essentially mono-energetic.  Second, 
the emitted neutrons are easily moderated and/or shielded, especially when compared to 
the more energetic D+T reaction, which produces neutrons with energies of 14.1 MeV.  
Figure 22 provides a picture of the accelerator head, where the deuterons are accelerated 
into the titanium target. 
 
Figure 22. Adelphi Technology DD108 Neutron Generator accelerator head, which was used to 
create a neutron source of 2.45 MeV at a rate of approximately 3x10
7
 neutrons per second on pulse 
mode.    
 
The entire generator consists of three main parts: the accelerator head (Figure 22), 
the power supply and control rack, and a separate heat exchanger to pump coolant into 
the system.   The control rack consists of a 2 kW high-voltage power supply along with 
Target Microwave
generator
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gauges and interface controls to monitor and adjust the vacuum and gas flow.  A 
computer program controls the entire system and may be operated on either continuous or 
pulsed modes.  Pulse mode operation affords the user a variety of selectable parameters, 
such as pulse length, rise and fall times, dwell time, etc.  Figure 23 illustrates these major 
system components. 
 
Figure 23. Depiction of the Adelphi Technology DD108 Neutron Generator control rack, accelerator 
head, and heat exchanger.   
 
The Adelphi generator produces a maximum of 1x10
8
 neutrons per second when 
operated in continuous mode.  For the purposes of this experiment, however, the system 
was operated in pulse mode to meet WPAFB radiation safety requirements for dose rates.  
The specific operating criteria employed for this experiment are listed in Table 11. 
Table 11. Adelphi Technology DD108 operating settings for this experiment.  
Setting Value 
Operating mode Pulse 
Pulse width 300 milliseconds 
Accelerator voltage 100 kV 
Beam current 4 mA 
Neutron yield ~ 3x10
7 
n/sec 
Repetition Rate 1 Hz 
Control 
Rack/ HVPS
Accelerator Head
Heat 
Exchanger
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Experimental Setup, Steel Box 
This research focused on recreating the benchmark radiation transport tests of the 
1950’s-1990’s [13, 28, 31], thereby including the use of a metal cube constructed of iron, 
56
Fe, or steel.  The cubical geometry was meant to simulate, in a very simplistic sense, the 
shielding afforded by military vehicles and thereby enables a calculation of NPF.  
Furthermore, the material selected for the box fabrication offers an extremely predictable 
response to neutron interactions based upon the known cross sections for neutron 
interactions with iron.  
 
Figure 24. A plot of the total neutron interaction cross section with 
56
Fe, as provided by the 
Evaluated Nuclear Data File (ENDF) [32]. 
 
Combined, these factors enable a set of controlled circumstances ideal for both 
experimental and computational measurements of neutron flux inside and outside the iron 
case.  Future testing may incorporate greater complexity in terms of geometries and 
materials; however, prudence and experience dictate a crawl, walk, run approach to this 
verification and validation of MCNP6. 
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Instructions detailing the setup of the steel box testing apparatus are contained 
within the NSERC Steel Box Construction SOP, which describes the proper assembly 
and disassembly procedures used to ensure consistent testing conditions for each 
experimental measurement [33].  Specifically, the SOP details how each of the aluminum 
frame components and steel plates must be assembled to best replicate the position and 
orientation used during previous experimental measurements.   Aluminum was selected 
as the frame material due its relatively low microscopic cross section for fast and 
epithermal neutron absorption, 2.99x10
-3
 and 4.53x10
-3
 barns respectively.   
During the experiment, the steel box was positioned with the three-inch diameter 
hole through the steel facing upwards, as shown in the Figure 25 schematic.   
 
Figure 25. Representation of the NSERC steel box testing apparatus, here shown with the scintillator 
opening in the upward position.  The steel plates are bolted to an aluminum frame during 
measurements. 
 
The hole allowed the emplacement of the LiI(Eu) scintillator light pipe and cables 
connecting the detector to the preamplifier.  The steel box was positioned on the wood 
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surfaced laboratory table at a distance of 24.13 cm from the accelerator head of the 
DD108 Neutron Generator.  A large percentage of the 2.45 MeV neutrons produced were 
expected to strike the steel of the box, allowing measurements of the internal and external 
neutron flux.  Figure 26 offers a simplified diagram of the box setup in relation to the 
accelerator, excluding the four inches of borated polyethylene (BP) shielding on all sides.  
The purpose of the surrounding BP was to moderate neutrons as they escaped the steel 
box, as well as to prevent any neutrons from reentering the steel box after scattering off 
the concrete walls of the accelerator room.  
 
Figure 26. A simplified version of the experimental setup, illustrating the placement of the steel box 
and BSS spheres in relation to the DD108 accelerator.  This diagram does not include the 2ftx2ftx4in 
blocks of borated polyethylene which surrounded the entire setup. 
 
Based upon physical constraints of the neutron shielding, one entire face of the 
box was removed between all measurements to allow for the replacement of different 
BSS spheres.  This involved the removal of twelve bolts, in addition to the steel plates.  A 
picture of the open box is shown below in Figure 27.      
Neutron
Detector
r=15.25cm
Wooden Table (7 cm thick)
61cm
56cm
56cm
61cm
Nearly Isotropic Neutron Source 
(D-D Generator)
24.13 cm
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Figure 27. Photo showing the empty steel box with one side missing for BSS detector emplacement.  
The scintillator and cabling hole can be seen in the top.  The DD108 accelerator target plate is located 
10.5” beyond the far steel plates.   
 
Experimental Setup, Internal Equipment 
Within the steel box, a 6x6 inch SEOH aluminum laboratory jack was utilized to 
center each of the Bonner spheres within the steel box.  The lab jack was first centered 
within the steel box using two diagonal lines drawn from opposite corners on the inside 
of the bottom steel plate.  By placing all four of the lab jack’s square corners on the four 
diagonal lines, the jack was able to be rapidly centered within the x,y-coordinates of the 
steel box.  A top-down diagram of this is shown in Figure 28.   
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Figure 28. Top-down diagram of the diagonal guidelines used to center the SEOH lab jack (in blue) 
centered on the bottom plate within the steel box.  By aligning all four corners of the lab jack along 
these diagonal guidelines, the jack was centered within the steel box quickly and accurately in the 
x,y-coordinate plane. 
 
Once the lab jack was centered on the bottom plate, the spheres were then 
stabilized and centered in the z-coordinate before measurements were recorded.  On top 
of the lab jack, three one-inch tall aluminum stability rings of different diameters were 
utilized to support the six different spheres, so each ring was designed to optimally 
support two sphere diameters.  In order to quickly center the stability rings on the lab 
jack, outlines of these rings were traced onto the top of the lab jack, as well as markers on 
the rings to ensure consistent emplacement was adhered to during every measurement. 
Once each sphere was placed upon its specific stability ring, a small bubble level 
was used to ensure the scintillator was positioned vertically in the z-coordinate direction.  
The use of the level on the light pipe helped to maintain a consistent crystal orientation 
with respect to the source for each measurement.    Figure 29 provides an example of the 
experimental setup described, with the lab jack, 12 inch moderator sphere, and 
scintillation detector removed to demonstrate their positioning inside the steel box. 
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Figure 29. Demonstration of the experimental setup, removed from the box.  The 12-inch Bonner 
sphere is resting on its stability ring atop the SEOH lab jack with the LiI(Eu) scintillator oriented 
vertically.   
 
Next, the lab jack was adjusted to the premeasured position for the specific 
diameter sphere, which ensured the LiI(Eu) crystal was centered within the steel box in 
the z-coordinate.  These pre-measured heights for the lab jack were measured prior, with 
marks placed on the lab jack to correspond to these specific heights.  For measurements 
utilizing only the bare scintillator, the lab jack was raised to the designated height of 27.2 
cm, which centered the LiI(Eu) crystal at 28.0 cm in the z-coordinate, the exact center of 
the box in the z-coordinate.   
Experimental Setup, Free-Field 
To facilitate the neutron spectroscopy of the free-field environment, these 
measurements were duplicated, except for the presence of the steel box.  For this second 
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set of measurements, a 2.51 cm thick section of wood supported the SEOH jack, thereby 
maintaining consistent vertical height of the BSS within the borated polyethylene 
shielding.  Additionally, the material selected offered minimal cross-sectional probability 
for neutron absorption and scatter, thereby maintaining the integrity of the free field. 
Lastly, due to the absence of the steel box, the BP shielding on either side of the detector 
was collapsed to support the top layer of shielding.  A schematic of this experimental 
design is provided later in Figure 32.  All other configurations and methodologies remain 
identical to those employed for measurements of the neutron spectrum within the steel 
box       
Experimental Setup, Electronic Equipment 
Figure 30 provides a general diagram of the electronics utilized for this 
experiment.  The first step consisted of connecting all the equipment and using the 
oscilloscope to ensure proper functioning.  Once all the electronic equipment was verified 
operational, the detector was connected and the bias turned on.  The settings for the 
equipment mirror those described for the 
239
PuBe source characterization in Table 10.  
 
Figure 30. Detection system electronic setup utilized during all measurements of the DD108 spectrum 
within the steel box and for the free-field.   
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Measurements were recorded for all seven configurations within the steel box and 
for the free field using ORTEC Gamma Vision software.  The saved spectra enabled 
post-processing and ROI adjustment, which affected the count rates and statistical 
uncertainty of the results.  A gross number of 65,000 counts recorded under the alpha 
peak for each detector configuration allowed the statistical certainty for each count rate to 
approach ~0.4%.  These measurements concluded the entire experimental portion of this 
research, with the exception of the data analysis via MAXED unfolding software and 
comparison against the MCNP6 models.   
MCNP6 Modeling 
The MCNP6 model for this experiment consisted of the steel box, the wooden 
table upon which it rested, the BP shielding (to account for neutron scattering) and a 
vacuum-filled aluminum tube to replicate the neutron accelerator head.  A diagram of the 
MCNP6 model for the steel box computation is provided below in Figure 31 for 
visualization purposes. 
  
Figure 31. Depiction of the MCNP6 model used to computationally derive the expected flux spectrum 
present within the steel box from the DD108 Neutron Generator.  The two images represent the XZ 
and XY axes, respectively.  The image on the right shows in white the cross section of the vacuum-
filled aluminum cylinder which forms a part of the DD108 accelerator head.  The isotropic source is 
centered therein.  The scintillator was modeled using the parameters reported by Mares & Schraube 
(1994), which were also used in determining the BSS response matrix using MCNP6.   
 
Z 
         X 
Y 
        X 
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The steel box was modeled as a rectangular parallel-piped object with external 
sides of 61 cm and internal dimensions of 56 cm, which produced a uniform wall 
thickness of 2.5 cm.  The detectors were modeled as concentric spheres of polyethylene 
with densities of 0.95 g/cm
3
.  Importance weights were attached to each sphere as a 
variance reduction measure, as well as to reduce computational time.   
Just as in the case of the steel box, the source location and neutron energy 
modeled for the free-field remained unchanged; the only modification to the 
computational design consisted of removing the steel box and a minor change to the BP 
wall locations.  As in the case of the physical experiment, the BP walls on either side of 
the moderator spheres were moved inward to replicate free field experimental design. 
Figure 32 illustrates this new configuration in two dimensions, as it was modeled in 
MCNP6.  The MCNP6 input files used to model the neutron flux spectra for the free-field 
and box are provided in Appendix G 
  
Figure 32. Diagram of the MCNP6 model used to compute the neutron flux spectrum for the free-
field based on the DD108 Neutron Generator.  The two images represent the XZ and XY axes, 
respectively.   
 
The scintillator detector was modeled in the same manner as published by Mares 
and Schraube in 1994.  As such, it utilized a vacuum-filled aluminum RCC of 1.4x1.6 
cm
2
 to house the 4x4 mm
2
 LiI crystal.  The crystal was modeled using 5.18% 
6
Li and 
Y 
        X 
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94.82% 
127
I with a density of 3.84 g/cm
3
.  A schematic of the RCC scintillator model is 
shown below in Figure 33. 
 
Figure 33. A schematic of the LiI(Eu) crystal modeled in MCNP6 using the technique employed by 
Mares and Schraube (1994).  The images represent the YX and YZ orientations, respectively.  Here 
the crystal is modeled as a RCC (red) in the center of the image surrounded by a vacuum (white).  
Another aluminum RCC (orange) encases the vacuum with sides 4mm thick.  The entire structure is 
surrounded by polyethylene (green), as part of the BSS moderating spheres.   
 
All data recorded for the neutron spectra were gathered using an F4 average 
neutron flux tally for the scintillator crystal.  These values were measured using the same 
energy bin structure as used previously for computation of the BSS response matrix.  
Also, thermal neutron scattering treatment was leveraged to account for chemical binding 
and crystalline structure effects from the polyethylene using the S(α,β) treatment.  Once 
completed, these values served as the a priori information submitted to MAXED as the 
default spectra for this experiment.  This technique is valid due to the excellent 
consistencies in spectrum structure previously demonstrated by the comparison of 
MCNP6 flux estimates with the 1984 benchmark experimental data.    
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V. Results & Analysis 
Chapter Overview 
The results of the principle experiments for this research, as well as a verification 
of BSS count rates, are provided in this chapter.   The MCNP6 model of the 
239
PuBe 
source is compared against the experimental spectrum measured by BSS and unfolded 
using MAXED software.  This comparison further verified the experimental 
methodology, as well as validated the ability of MCNP6 to accurately model complex 
neutron spectra.  Additionally, the neutron lethargy spectra measured for the steel box 
and free-field are analyzed against their respective MCNP6 models, and a comparison is 
performed of the computational and experimental assessments of the steel box NPF.  
These data represent the culmination of this research effort, one designed to further the 
verification and validation of MCNP6 for use in RPF assessments of military vehicles.  
BSS Count Rate Verification 
 In order to ensure the veracity of the data collected from the BSS, an initial count 
rate survey was conducted to verify the results matched those published in literature for 
this type of detector.  The experimental design for this test was identical to that employed 
during measurements of the neutron spectrum within the steel box.  The recorded count 
rates were normalized based upon the size of the spheres and compared to data published 
by Mares and Schraube for a neutron source of 2.5 MeV, very similar in energy to the 
2.45 MeV neutrons produced in this experiment [29].   Figure 34 provides a comparison 
of these experimental count rates against those published by Mares and Schraube (1994). 
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Figure 34. A plot of the initial count rate survey of the BSS compared to data published by Mares 
and Schraube (1994) [29].  The count rates match closely with notable exceptions for the smaller-
diameter spheres.  These discrepancies can be largely attributed to the scattering effects of the 
borated polyethylene shielding which encapsulated the box and accelerator during this experiment.   
 
These measured values appear as expected due to both the difference in incident 
neutron energies, as well as the presence of shielding material.  Specifically, the slightly 
lower energy source used in the experiment should favor higher responses for the smaller 
spheres and lower responses in the larger ones.  However, the bulk of the discrepancy 
witnessed from the 2 and 3 inch spheres likely arises from the scattering effects of 
neutrons off the BP shielding, which encapsulated both the accelerator and the steel box.  
As expected, the contributions from these lower-energy scattering events diminish for the 
larger moderating spheres, a feature of the measured data which further supports this 
explanation of the discrepancy’s origin.  Based upon this analysis, the BSS was assessed 
as functioning correctly.   
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Spectra Results for the 
239
PuBe Source 
MCNP6 Model of the 
239
PuBe Spectrum 
As discussed in the experimental design portion of this paper, the 
239
PuBe source 
was modeled at a distance of one meter from the LiI(Eu) detector crystal with an 
isotropic distribution of neutrons.  This configuration resulted in the MCNP6 flux 
spectrum shown in Figure 35, normalized to one source neutron. 
 
Figure 35. The MCNP6-generated flux spectrum of the AFIT 
239
PuBe source.  This flux spectrum 
was generated using an extremely simplistic geometry for the source chamber; however, the 
oscillations at the upper energy levels suggest the fundamental source structures are maintained. 
 
Since MAXED software operates in units of neutron flux, this output spectrum 
served as the a priori data inserted into MAXED for experimental spectrum unfolding.  
However, to better evaluate the effects of the geometry on neutron scattering, it is often 
useful to analyze flux in terms of lethargy flux.  The lethargy, U, of a given neutron is 
defined as  
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ln o
E
U
E
 
  
 
, (5.1) 
where E is the neutron energy and Eo is the upper neutron energy.  This equation is 
commonly used in nuclear reactor analysis to gauge the average logarithmic energy loss 
of elastically scattered neutrons [25].  Neutron lethargy flux may be described as 
2
1
Lethargy Flux  
ln
g g
g g
g
n
U cm U sE
E
 

 
   
    
  
 
. 
(5.2) 
This equation normalizes the MCNP6 flux tallies into group fluxes per unit lethargy, 
which provides values more representative of the number of neutrons recorded at each 
energy level.  Once Equation (5.2) is applied to the MCNP6 flux tally, the resultant 
spectrum adopts a more conventional shape, as shown in Figure 36, with the largest 
energy peaks at 6.5 and 7.0 MeV.   
 
Figure 36. Once the MCNP6-generated flux spectrum is modified to plot in units of lethargy flux, 
three energy peaks occur at 4 6.5 MeV and 7.0 MeV.  
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Experimental Results for the 
239
PuBe Spectrum 
Based on the different BSS detector configurations, seven different alpha peaks 
were recorded using the GammaVision software.  Digitally recorded measurements, such 
as the example provided in Figure 37, enable programs like GammaVision to rapidly 
calculate the number of counts, count rate, and the associated uncertainty.  These data, 
however, depend greatly upon the user-adopted region of interest (ROI).   
 
Figure 37. GammaVision output from experimental measurements using a BSS.  The large peak on 
the right-hand side represents the alpha peak, the count distribution associated with the (n,α) 
absorption reaction in the 
6
Li crystal.      
 
Based upon the prescribed ROI, the number of counts (N), count rate (CR), and 
absolute uncertainty (σ), for the number of counts were recorded digitally, and pulse 
processing was later refined.  A final width of 270 channels was adopted for every pulse 
and centered on the channel containing the most counts.  Table 12 provides a list of the 
experimentally recorded results based upon this ROI definition.  
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Table 12.  Experimental measurement values adopted based upon pulse processing from 
GammaVision.  A pulse width of 270 channels was used to capture each pulse.  
Detector N σ CR (cts/sec) Channels 
Bare 52294 660 5.27 200-470 
2in 52192 666 8.77 212-482 
3in 52403 663 13.03 217-487 
5in 52117 681 18.77 217-487 
8in 51036 694 15.97 232-502 
10in 50231 712 11.04 229-499 
12in 50714 704 8.68 215-485 
 
These recorded count rates are consistent with the expected values published in 
literature [30, 26].  From these values, count rate error and associated error may be 
calculated.  For each measurement, the fractional uncertainty of the count, N, is equal to 
the fractional uncertainty of the count rate, CRFrac, which can be determined using  
1
N
FracCR  . (5.3) 
Due to the high number of net counts for each measurement, these uncertainty values are 
approximately 0.4% in this experiment; however, MAXED also requires these values 
input in terms of the absolute error of the count rate, CRAbs.  Additionally, the error 
associated with the subtraction of background counts by GammaVision manifests itself as 
error in the total area integrated under the alpha peak.  This is accounted for as another 
source of experimental error, R, which is provided as fractional error using the equation 
2( )
N
R

 , (5.4) 
and these calculations resulted in values ranging from 2% to 3% relative error.   
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Each value of error described above is required for MAXED spectrum unfolding, 
and Table 13 provides the consolidated list of experimental data and associated error 
compiled for the 
239
PuBe source and input into MAXED for spectrum deconvolution. 
Table 13.  Final experimental data input into MAXED software for 
239
PuBe spectrum deconvolution.  
Detector CR CRFrac CRAbs R 
Bare 5.27 0.437 2.305E-02 2.52 
2 8.77 0.438 3.839E-02 2.55 
3 13.03 0.437 5.692E-02 2.53 
5 18.77 0.438 8.222E-02 2.61 
8 15.97 0.443 7.069E-02 2.72 
10 11.04 0.446 4.926E-02 2.83 
12 8.68 0.444 3.854E-02 2.78 
 
Figure 38 provides the MAXED output flux spectrum plotted in units of lethargy 
flux.  The exact values, as well as the associated MAXED output files, are provided in 
Appendix H.  
 
Figure 38.  MAXED output of the experimentally measured 
239
PuBe flux spectrum plotted in units of 
lethargy flux.      
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Comparison of the Computational and Experimental 
239
PuBe Spectra 
To maximize the goodness of fit between the experimental and computational 
239
PuBe spectra, a scaling factor of 1.0x10
7
 was applied to the MCNP6 lethargy flux 
spectrum.  A comparison of the two spectra is provided in Figure 39, which demonstrates 
a strong agreement between the computational and experimental results.  Additionally, 
MAXED returned a χ2-value of 0.97 per degree of freedom from the spectrum 
deconvolution.  Since any value below 1.0 supports retention of the null hypothesis, this 
unequivocally supports the significance of this solution spectrum.     
 
Figure 39.  Comparison of the computational and experimentally-determined 
239
PuBe spectra in units 
of neutron lethargy flux.  The spectra show good structural agreement at energies between 4-6 Mev 
and excellent agreement at values above 6 MeV.   
 
In other words, the maximum entropy solution generated by MAXED fits the 
measured BSS data within the documented experimental error, which validates the 
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experimental methodology for complex neutron spectra.  The values of neutron flux 
estimated by MCNP6 for the 
239
PuBe source are included in Appendix I.  
Spectra Results for the Steel Box 
MCNP6 Results for the Steel Box Spectrum 
Based upon the model of the AFIT D-D accelerator described earlier, MCNP6 
computed the neutron flux spectrum shown in Figure 40.  The spectrum appears similar 
to the one produced by MCNP6 for the 
239
PuBe source, with a notable lack of high 
energy oscillations.  This is to be expected, since the D-D source is mono-energetic at 
2.45 MeV.  Sufficient particle tallies were executed to ensure the MCNP6 results passed 
all ten statistical tests, thereby reducing the relative error of the total flux below 1%.  
Figure 41 provides a plot of the lethargy flux based upon the MCNP6 spectrum. 
 
Figure 40.  MCNP6 neutron flux spectrum output for BSS measurements using a LiI(Eu) scintillator 
within the 61 cm sided steel box.  This spectrum was computed based upon the configuration of the 
steel box, detector, and 2.45 MeV D-D accelerator source located in the Building 194 on WPAFB. 
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Figure 41. Lethargy flux derived computationally using the flux spectrum from MCNP6.  These data 
are based upon a D-D accelerator source measured within the 61 cm sided steel box and appear 
reasonable, since significant portions of neutron lethargy appear at thermal and 2.5 MeV energies.   
 
The data presented in Figure 41 appear reasonable due to the significance of the 
neutron lethargy at both thermal and 2.5 MeV energies.  The structures between these 
two peaks may be characterized as products of the experimental geometry and materials.  
This includes the high degree of neutron scattering off the BP shielding, as well as 
neutron scattering due to air.  MCNP6 values for neutron flux within the steel box are 
published in Appendix J.  
Experimental Results for the Steel Box Spectrum 
Based on the seven separate detector configurations, the different alpha peak 
measurements were recorded within the steel box using the GammaVision software (see 
Figure 37 for an example of the output).  Just as in the case of the 
239
PuBe source, the 
digitally recorded measurements enabled automatic calculations of the count numbers, 
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count rates, and the associated uncertainties.  However, for the steel box measurements, 
the alpha peak appeared relatively stationary across a set spectrum of channels, so a 
standard ROI was set from channel 208-608.  This provided 400 channels for the 
GammaVision software to consider for data and error analysis.   The final experimental 
values for the steel box measurements are listed below in Table 14. 
Table 14.  Experimental measurement recorded within the steel box.  The values were based on pulse 
processing from GammaVision and the adoption of a specific 400 channel ROI applied to each.  
Detector N σ CR (cts/sec) 
Bare 53784 707 11.89 
2in 58666 593 67.12 
3in 58800 600 150.00 
5in 58103 642 270.25 
8in 58454 614 248.74 
10in 56925 681 165.96 
12in 57551 638 107.77 
 
Utilizing these experimental values, the data and associated errors listed in Table 15 were 
compiled from the steel box measurements and input into MAXED for spectrum 
unfolding, along with the MCNP6 a priori data plotted in Figure 40. 
Table 15.  Final experimental data input into MAXED for steel box spectrum deconvolution.  
Detector CR CRFrac CRAbs R 
Bare 11.89 0.431 5.127E-02 2.63 
2 67.12 0.413 2.771E-01 2.02 
3 150.00 0.412 6.186E-01 2.04 
5 270.25 0.415 1.121E+00 2.21 
8 248.74 0.414 1.029E+00 2.1 
10 165.96 0.419 6.956E-01 2.39 
12 107.77 0.417 4.492E-01 2.22 
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Figure 42 displays the MAXED solution spectrum based upon the steel box 
measurements in units of lethargy flux.  The exact values, as well as the associated 
MAXED output files, are provided in Appendix K.  
 
Figure 42.  Plot of the lethargy flux derived experimentally from BSS measurements and MAXED 
spectrum unfolding.  These data appear reasonable, since significant portions of the neutron lethargy 
appears at thermal and 2.5 MeV energies.   
 
As in the case of the 
239
PuBe lethargy flux spectrum, the MAXED output appears 
extremely reasonable due to the greatest presence of deposited energy at both thermal and 
2.45 MeV energies.  These data suggest that the BSS responded correctly to the presence 
of the neutron flux emitted by the AFIT D-D accelerator.   
Comparison of the Steel Box Spectra 
Using a scaling factor of 1.0x10
7
, a comparison of the two lethargy plots can be 
made visually, as shown in Figure 43.  The degree of agreement between the two spectra 
at both high and low neutron energies demonstrates the accuracy of MCNP6 at modeling 
particle spectra and interactions with matter.      
10
-8
10
-7
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
0
10
20
30
40
L
e
th
a
rg
y
 F
lu
x
 (
n
/c
m
2


U
*s
)
Energy (MeV)
 MAXED Box Spectrum
86 
 
Figure 43.  Comparison plot of the computational and experimental lethargy flux spectra. These data 
are based upon a D-D accelerator source measured within the 61cm sided steel box and appear in 
good agreement.   
 
Of note, the absence of lethargy flux structures in the MAXED spectrum across 
the intermediate energy region is indicative of the poor resolution inherent in the BSS for 
those areas.  Therefore, it could be argued that MCNP6 may offer a more accurate 
lethargy spectrum than that provided by the BSS through MAXED unfolding.  Despite 
this difference in structure, the unfolded MAXED lethargy spectrum agrees with the 
expected result for experiment, specifically that a greater number of neutrons should be 
detected at 2.45 MeV than at thermal energies.  This result typically occurs when 
utilizing moderated detectors; however, this does not diminish the possibility that 
MCNP6 may offer a more accurate neutron lethargy flux spectrum.   
Regardless, the MAXED output resulted in a χ2-value of 0.86 per degree of 
freedom.  As discussed previously, this value strongly supports retention of the null 
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hypothesis and implies a statistically significant agreement exists between the MAXED-
generated solution and the measured data.  This result also continues to support MCNP6 
as a reliable and accurate source for a priori data. 
Spectra Results for the Free-Field 
MCNP6 Results for the Free-Field Spectrum 
Normalized to one source neutron, Figure 44 displays the free-field flux spectrum 
computed by MCNP6.  The spectrum appears very similar to that modeled within the 
steel box, with the exception that the values for flux are greater in the free-field.  This 
result was expected, since the cross sections for steel provided in Figure 24 suggest a 
nearly uniform attenuation across the energy region plotted.  The values of the free-field 
neutron spectrum and associated error computed by MCNP6 are provided in Appendix L.   
 
Figure 44.  MCNP6 neutron flux spectrum estimate for BSS measurements using a LiI(Eu) 
scintillator in the free field.  This source spectrum was modeled upon a 2.45 MeV D-D accelerator 
source located in the AFIT Building 194 on WPAFB. 
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Utilizing the conversion from flux to lethargy flux, as described in Equation (5.2), 
Figure 45 provides a depiction of the calculated lethargy flux from the MCNP6 free-field 
computation.  Similar to the MCNP6 box spectrum, lethargy appears greatest at thermal 
and 2.5 MeV energies, which is expected when measuring a D-D accelerator source.  
 
Figure 45.  Lethargy flux derived computationally using the free field flux spectrum from MCNP6.  
These data appear reasonable due to the close similarity with the lethargy spectrum calculated from 
within the steel box.    
 
Experimental Results for the Free-Field Spectrum 
The seven alpha peak measurements of the free-field environment were each 
recorded using the GammaVision software, which also provided automatic calculations 
of the count area, count rates, and associated uncertainties.  As in the case of the steel box 
measurements, the alpha peaks recorded for the free-field appeared relatively stationary 
across a set spectrum of channels.  Therefore, a standard ROI was set from channel 225 
to channel 525, which provided 300 channels to consider for data calculation and error 
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analysis.   The pertinent values recorded from these measurements of the free-field 
spectrum are listed below in Table 16. 
Table 16.  Experimental measurement recorded for the free-field environment.  The values were 
based on pulse processing from GammaVision and utilized a specific 300 channel ROI for each.   
Detector N σ CR (cts/sec) 
Bare 61081 606 21.68 
2in 59000 594 98.01 
3in 59473 575 209.21 
5in 58250 623 360.41 
8in 58950 596 338.37 
10in 58600 610 241.41 
12in 57450 653 157.15 
 
Utilizing these experimental data, the values listed in Table 17 were calculated and input 
into MAXED for spectrum deconvolution of the free-field neutron flux spectrum. 
Table 17.  Final experimental data input into MAXED for free-field spectrum deconvolution.  
Detector CR CRFrac CRAbs R 
Bare 21.68 0.431 9.344E-02 1.98 
2 98.01 0.413 4.048E-01 2.01 
3 209.21 0.412 8.620E-01 1.93 
5 360.41 0.415 1.492E+00 2.13 
8 338.37 0.414 1.401E+00 2.02 
10 241.41 0.419 1.012E+00 2.08 
12 157.15 0.417 6.553E-01 2.27 
 
Figure 46 provides the resultant MAXED output for the flux spectrum of the free-
field environment in units of lethargy flux.  The output data points, as well as the 
associated MAXED output file, are provided in Appendix M. 
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Figure 46. Lethargy flux measured experimentally for the free-field neutron spectrum using BSS 
measurements and MAXED spectrum unfolding.   
 
Again, the experimentally-derived MAXED solution appears extremely 
reasonable due to the presence of structures at both thermal and 2.45 MeV energies.  This 
suggests the BSS responded correctly to the presence of the neutron flux emitted by the 
AFIT D-D accelerator and recorded the neutrons as they down-scattered from 2.45 MeV.   
Comparison of the Free-Field Spectra 
After scaling by a factor of 5.0x10
6
, a comparison of both lethargy plots can 
occur, as shown in Figure 47.  This graphic illustrates significant agreement in lethargy 
flux structure exists across the entire energy range; however, notably discrepancies in 
intensity are evident between 1 to 2.45 MeV.  This can only be attributed to the presence 
of high-energy neutrons that failed to down-scatter in the manner anticipated by MCNP6.  
Additionally, the absence of structure in the MAXED spectrum between 1.0x10
-6
 and 0.1 
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MeV is possibly due to the limited resolution of the BSS.  As discussed earlier, this may 
imply MCNP6 provides a more accurate spectrum in this region; however, more analysis 
must occur to explain the slight discord of intensity evident at the higher energy levels.  
Despite these differences, the spectra are in clearly otherwise in agreement.  
 
Figure 47.  Comparison of the computational and experimental lethargy flux spectra for the free-
field environment. These data are based upon a D-D source and appear in good, overall agreement.   
 
For the free-field spectrum unfolding, MAXED provided a χ2-value of 0.91 per 
degree of freedom, indicating the retention of the null hypothesis and a statistically 
significant agreement with the recorded measurements and a priori.  This result continues 
to validate the use of MAXED and MCNP6 as reliable and accurate computational tools 
for measuring neutron flux.  At this point in the research, an evaluation of the 
experimental versus computational NPF assessments can finally occur.  
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NPF Comparison Using Experimental and Computational Data 
This final section addresses the calculation of the steel box NPF based upon the 
previously discussed computational and experimental results.  Ultimately, these final 
numbers carry the greatest importance in determining whether MCNP6 provides accurate 
assessments for RPF upon which future applications for military vehicles might be based. 
In order to accomplish this task, each calculated flux spectra must be converted 
into an ambient dose equivalent (H*(10)) value consistent with the provisions established 
by the International Commission on Radiological Protection (ICRP).  H*(10) is defined 
as the dose equivalent for each point in an expanding and aligned radiation field that 
would be measured at a depth of 10 mm within an International Commission on 
Radiological Units (ICRU) sphere of tissue-equivalent material [34].  This definition, 
however, is a bit of a misnomer due to the assumption of “unidirectional flux,” which 
itself is a contradiction, since flux is a quantity devoid of individual particle 
directionality.  Furthermore, the flux energy distribution is considered consistent for both 
the radiation field and the point of H*(10) measurement, which implies that H*(10) is the 
dose a person would receive at a specific location had they not been present in the first 
place.  Nevertheless, H*(10) still represents the best estimate for the expected dose from 
radiation and is described in special units of Sieverts (Sv), which represent J/kg [35].   
The conversion from particle flux to H*(10) is accomplished via the equation 
*(10)( ) ( ) ( )i i iH E h E E  , (5.5) 
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where ( )ih E represents the ambient dose equivalent conversion factor, or weighting, of 
the radiation per energy bin, Ei.  More specifically, ( )ih E  is defined as a function of the 
radiation’s biological effects, both direct and indirect, when absorbed as a dose in human 
tissue [35].  Therefore, for n number of energy bins, this implies that the total ambient 
dose equivalent from a neutron flux spectrum can be determined as the sum of all the 
component doses, or 
1
*(10) *(10)( )
n
i i
i
H H E E

  . (5.6) 
Calculated values for ( )ih E  published in 2005 by Veinot and Hertel [35] were 
used in this experiment to convert the measured neutron flux spectra into H*(10) in units 
of pSv cm
2
.  These conversion coefficients incorporate the most recent guidance provided 
by the ICRP Publication 60 and the ICRU Report 49, based upon tissue-equivalent 
materials.   
Using these coefficients, the flux spectra for both the steel box and free field were 
re-binned to align with the flux bin widths published by Veinot and Hertel (2005).  In 
doing so, flux values were summed in instances where more than one flux bin fell within 
the coefficient bins prescribed by the authors.  This provided a total flux for the entire 
coefficient bin prior to multiplication of the conversion value and final H*(10) 
summation, as per Equation (5.6).  Similarly, values of relative error provided by 
MCNP6 for each energy bin were propagated using every level within each coefficient 
bin before multiplication by the conversion value.  To reduce the associated uncertainty 
of this final calculation, the MCNP6 spectra were refined using larger particle tallies, 
94 
which are provided in Appendix N.  These values of absolute error for each energy bin 
were subsequently summed to provide the total H*(10) absolute error for each MCNP6 
spectrum.  Unfortunately, MAXED software does not produce relative error estimates for 
maximum entropy solutions.   Consequently, for the purposes of error analysis, a 
conservative estimate of 10% relative error was applied to the both experimental 
calculations of H*(10) derived using the MAXED solution spectra. 
Both MCNP6 and MAXED-generated flux spectra were evaluated using this 
methodology, and the total ambient dose equivalent results are provided in Table 18.  Of 
note, the H*(10) values for the MCNP6 box and free-field spectra are calculated in values 
of pSv cm
2
 per source neutron because MCNP6 computes flux spectra normalized to one 
source neutron. 
Table 18.  H*(10) results for each spectra measured in the experiment, including calculations of 
absolute error, ε.  MAXED values are in units of pSv cm2, while MCNP6 values are in pSv cm2/ sn.  
Method 
Box Free-Field 
H*(10) ε H*(10) ε 
MAXED 7.474E+03 7.474E+02 9.505E+03 9.505E+02 
MCNP6 9.796E-04 1.598E-04 1.236E-03 1.886E-04 
   
Utilizing Equation (1.2), final calculations for the NPF of the steel box are now 
possible for both the computational and experimental results.  Additionally, using the 
equations for error propagation provided in Knoll [22], final uncertainties can also be 
calculated for these results.  For both the MAXED and MCNP6 H*(10) values, units 
cancel and result in the ratios provided in Table 19. 
Table 19.  NPF ratios for both the computational (MCNP6) and experimental (MAXED) results. 
Method NPF ± ε 
Experimental (BSS and MAXED) 1.272 ± .18 
Computational (MCNP6) 1.262 ± .28 
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 These final assessments of the steel box NPF differ by a relative error of less than 
1%, well within the associated error for both results.  Based upon past research, where 
comparisons of RPF values typically fluctuated between 20% to 50% [6, 8, 10], these 
results demonstrate an exceptionally high degree of accuracy on the part of MCNP6 in 
modeling this important relationship.  Furthermore, by utilizing a NPF based on 
statistically significant MAXED-generated flux spectra, the MCNP6-derived NPF 
assessment may be considered significantly close to the true NPF value.   
The slightly higher value of NPF derived from the MAXED solution spectra may 
be attributed to the poor resolution of the BSS across intermediate energy levels.  As 
addressed earlier, the failure of the BSS to replicate many of the flux structures across 
that energy region, as witnessed in all MCNP6 and MAXED spectra comparisons, may 
help explain the slight discrepancy in the final results of NPF.  Although largely 
speculation at this point, the possibility exists that MCNP6 may provide a more accurate 
estimate of NPF than achievable through BSS measurement.   
Regardless of the source of relative error, the clear demonstration that statistically 
significant agreement exists between NPF ratios derived via experimentation and 
MCNP6 computation unequivocally supports further research into validating MCNP6 for 
RPF assignment.  The research described herein initiates that process by definitively 
proving the validity of using MCNP6 to estimate NPF values for simplified geometries 
and materials.  Despite this progress, however, a great deal more research must now 
occur.    
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VI. Conclusions 
 
The results from each component of this research support further investigation 
into the validation of MCNP6 for assigning RPF values to military vehicles.  Using a 
benchmark experiment from 1984, MCNP6 successfully replicated the neutron flux 
spectra from a mono-energetic 14.1 MeV source measured both within and surrounding a 
hollow iron box.  The computational and experimental estimates of NPF, based upon the 
flux spectra, differed fractionally by less than 5%, which indicated a significant 
agreement existed between the results.   
Additionally, the application of MCNP6 to generate updated BSS response 
functions, which are required for MAXED spectral deconvolution, likewise produced 
statistically significant agreement with published data.  MCNP6 was also utilized to 
characterize the complex neutron emissions from a 4.78 Ci 
239
PuBe source, returning a 
spectrum validated by BSS measurements and MAXED unfolding.   
Lastly, the code was also implemented for estimations of the neutron flux spectra 
present within a steel box and for the free-field using a mono-energetic neutron flux 
emitted by a D-D neutron accelerator.  As in the case of the 
239
PuBe source, both solution 
spectra were validated as statistically significant through χ2 analysis with MAXED 
unfolding.  Using H*(10) conversion coefficients, calculations for the measured NPF of 
the steel box returned values with less than 1% variation from those computed by 
MCNP6.  These results, therefore, verify and validate MCNP6 computations of neutron 
flux, as well as subsequent assessments of NPF for simple geometries and materials.   
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Despite the strength of these results, the challenge inherent in validating MCNP6 
for RPF assessments of military vehicles remains complex and lengthy.  Although this 
paper supports the use of MCNP6 in determining NPF, future research into different 
forms of radiation, such as gamma rays, must also transpire.  Furthermore, the simple 
geometry and materials incorporated in this research limit the extrapolation of these 
results.  Therefore, although these findings appear promising, future experiments to 
further validate MCNP6 must now take place.   
Future research efforts, for example, may incorporate more complex geometries, 
such as large, compartmentalized boxes more similar to internal vehicle spaces.  
Additionally, other experiments incorporating a more complex set of materials must also 
be employed.  Such materials could be expected to more closely approximate the density 
and radiation response characteristics of materials commonly used in military vehicle 
design, such as ballistic shielding.    Lastly, future research must expand beyond just the 
neutron flux; it must incorporate both neutron and gamma contributions to H*(10).  Only 
after rigorous investigation into these and other areas is concluded will a final validation 
of MCNP6 occur for the purposes of RPF assessment.   
In conclusion, to accomplish the ultimate objective of MCNP6 validation for RPF 
assessment, experimental and computational methods must both be applied to many 
different problems simultaneously.  This research represents the first small step in this 
effort by validating MCNP6 for NPF assessment using simple geometries and materials.  
Future efforts, therefore, must build off these important results and expand upon the 
validated methodology described herein.    
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Appendix A. MCNP6 Input Cards for Benchmark Experiment 
 
MCNP6 Input Card (Iron Box)
 
MCNP6 Input Card (Free-Field) 
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Appendix B. MCNP6 Neutron Spectra Results for Benchmark Experiment  
Energy (MeV) Box Flux Spectrum Free-Field Flux Spectrum 
1.00000E-09 6.3270E-10 8.2874E-10 
4.14000E-07 8.9916E-07 1.1735E-06 
1.23000E-06 2.6023E-08 3.3486E-08 
3.06000E-06 2.1620E-08 2.7863E-08 
1.17100E-05 3.2219E-08 4.1482E-08 
2.90000E-05 2.2283E-08 2.8685E-08 
1.01000E-04 3.1225E-08 4.0081E-08 
5.80000E-04 4.5136E-08 5.7938E-08 
1.23000E-03 2.0125E-08 2.5833E-08 
3.35000E-03 2.7296E-08 3.5104E-08 
1.03000E-02 3.2130E-08 4.1190E-08 
2.19000E-02 2.3180E-08 3.0109E-08 
2.48000E-02 3.9889E-09 5.1931E-09 
5.25000E-02 2.6484E-08 3.4227E-08 
1.11000E-01 3.2398E-08 4.1615E-08 
1.57900E-01 1.8423E-08 2.4038E-08 
5.50000E-01 9.7046E-08 1.2436E-07 
1.11000E+00 9.3281E-08 1.1955E-07 
1.83000E+00 9.3470E-08 1.2242E-07 
2.31000E+00 5.3455E-08 7.2065E-08 
2.39000E+00 9.2775E-09 1.2593E-08 
3.01000E+00 6.2210E-08 8.4996E-08 
4.07000E+00 8.0105E-08 1.1185E-07 
4.72000E+00 4.2492E-08 5.9202E-08 
4.97000E+00 1.6537E-08 2.3087E-08 
6.38000E+00 8.7435E-08 1.2615E-07 
7.41000E+00 6.7817E-08 9.7329E-08 
8.19000E+00 4.0551E-08 5.8856E-08 
9.05000E+00 4.3592E-08 6.3242E-08 
1.00000E+01 4.6686E-08 6.8004E-08 
1.11000E+01 5.3822E-08 7.8952E-08 
1.22000E+01 6.4561E-08 9.2157E-08 
1.28000E+01 4.7768E-08 6.8771E-08 
1.38000E+01 1.2803E-07 1.8342E-07 
1.42000E+01 1.1336E-06 1.6572E-06 
1.49000E+01 0.0000E+00 0.0000E+00 
1.69000E+01 0.0000E+00 0.0000E+00 
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Appendix C. MAXED Results for the Benchmark Experiment 
 
Free-Field MAXED Unfolding Results: 
 
 
Iron Box MAXED Unfolding Results: 
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MAXED Unfolded Spectra 
 
Energy (MeV) Box Flux Spectrum Free-Field Flux Spectrum 
1.00000E-09 1.4008E-07 3.8311E-06 
4.14000E-07 2.1635E-07 3.3882E-08 
1.23000E-06 2.3965E-07 1.5844E-07 
3.06000E-06 1.1143E-07 6.2129E-08 
1.17100E-05 5.7355E-07 2.8043E-07 
2.90000E-05 4.4668E-08 1.6642E-07 
1.01000E-04 2.8555E-09 2.1388E-08 
5.80000E-04 5.1538E-10 1.6461E-10 
1.23000E-03 6.4133E-11 8.1266E-10 
3.35000E-03 1.2620E-11 1.1184E-10 
1.03000E-02 8.1453E-12 4.0959E-11 
2.19000E-02 3.0584E-12 1.3422E-11 
2.48000E-02 7.4895E-12 1.6850E-11 
5.25000E-02 8.5763E-12 1.0285E-11 
1.11000E-01 1.5124E-11 1.7410E-11 
1.57900E-01 4.9320E-12 5.0689E-12 
5.50000E-01 1.4404E-11 9.4543E-12 
1.11000E+00 1.1478E-12 5.8373E-12 
1.83000E+00 2.2411E-13 5.0445E-12 
2.31000E+00 1.0420E-12 2.9124E-11 
2.39000E+00 5.6424E-14 2.1773E-12 
3.01000E+00 1.5927E-14 3.0713E-13 
4.07000E+00 2.9917E-14 3.2364E-13 
4.72000E+00 9.6718E-14 7.2244E-13 
4.97000E+00 2.7537E-14 9.2936E-14 
6.38000E+00 2.2213E-13 4.8569E-13 
7.41000E+00 2.3281E-13 4.7745E-13 
8.19000E+00 5.4672E-13 8.6561E-13 
9.05000E+00 1.1132E-12 1.2484E-12 
1.00000E+01 1.8059E-12 1.9153E-12 
1.11000E+01 2.3696E-12 2.7835E-12 
1.22000E+01 4.6190E-12 5.9972E-12 
1.28000E+01 2.3420E-12 3.3191E-12 
1.38000E+01 5.0894E-12 7.7600E-12 
1.42000E+01 2.6184E-12 4.2162E-12 
1.49000E+01 2.0946E-36 3.5585E-36 
1.69000E+01 0.0000E+00 0.0000E+00 
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Appendix D. MCNP6 Input Cards for BSS Response Functions 
MCNP6 Card for the Bare Scintillator 
 
 
MCNP6 Card for the 12 in Moderator Sphere 
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Energy Bins I Bare I 2in I 3in I 5in I Sin I 1 Oin I 12in 
IVIeV Response E Response E Response E Response E Response E Response E Response E 
l.OOOOE-08 7.3079E-02 0.002 3.9907E-02 0.0096 3.0120E-02 0.0182 1.4466E-02 0.0264 3.9099E-03 0.0293 1.5028E-03 0.0287 5.403 7E-04 0.0307 
2.5120E-08 7.2247E-02 0.002 5.0502E-02 0.0086 3.7938E-02 0.0164 1.8854E-02 0.0237 4.8771E-03 0.0262 1.7580E-03 0.0258 6.39HE-04 0.0286 
6.3100E-08 6.9844E-02 0.002 6.7800E-02 0.0075 4.9911E-02 0.0145 2.4279E-02 0.021 6.6752E-03 0.0229 2.4578E-03 0.0223 9.2014E-04 0.0243 
l.OOOOE-07 6.7591E-02 0.002 8.0872E-02 0.0069 6.2956E-02 0.0129 3.0806E-02 0.0189 7.8552E-03 0.0208 3.0184E-03 0.0203 1.1243E-03 0.0223 
2.5120E-07 6.0182E-02 0.002 9.9750E-02 0.0062 8.3796E-02 0.0114 4.1107E-02 0.0164 1.0667E-02 0.0178 4 .1487E-03 0.01 74 1.5283E-03 0.019 
l.OOOOE-06 4.3725E-02 0.001 1.1346E-01 0.0058 1.1199E-01 0.0099 5.8339E-02 0.0143 1.5337E-02 0.0152 5.8363E-03 0.0148 2.1413E-03 0.016 
l.OOOOE-05 1.8752E-02 8E-04 1.0142E-01 0.006 1.2641E-01 0.0094 7.9836E-02 0.0126 2.1662E-02 0.0131 8.1576E-03 0.0126 2.8637E-03 0.0138 
l.OOOOE-0-l 6.5833E-03 7E-04 7.5804E-02 0.0068 1.2023E-01 0.0097 9.1061E-02 0.0121 2.64 79E-02 0.0121 1.0171E-02 0.0116 3.6882E-03 0.0124 
l.OOOOE-03 2.1499E-03 6E-04 5.1565E-02 0.0082 1.0374E-01 0.0104 9.6819E-02 O.Oll 7 3.0960E-02 0.0115 1.1 985E-02 0.0108 4.4421E-03 O.Oll 5 
l.OOOOE-02 6.9408E-04 6E-04 3.3684E-02 0.0101 8.6471E-02 0.0114 1.0263E-01 O.Oll6 3.7088E-02 0.0107 1.4779E-02 0.01 5.3334E-03 0.0107 
2.5120E-02 4.4962E-<» 6E-04 2.8196E-02 0.011 7.9456E-02 0.011 7 1.0642E-01 0.0114 4.1369E-02 0.0105 1.6493E-02 0.0096 5.951 7E-03 0.0102 
3.9810E-02 3.5732E-04 7E-04 2.4987E-02 0.0116 7.4774E-02 0.0121 1.0607E-01 0.0114 4.3148E-02 0.0103 1.7357E-02 0.0094 6.3976E-03 0.01 
6.3100E-02 3.1509E-04 6E-04 2.2538E-02 0.0123 7.3417E-02 0.0123 1.1009E-01 0.0112 4.7623E-02 0.0098 1.9129E-02 0.0091 7.1512E-03 0.0096 
l.OOOOE-01 2.9648E-<» 6E-04 1.9728E-02 0.0132 6.8600E-02 0.0127 1.1124E-01 0.0111 5.1674E-02 0.0095 2.1765E-02 0.0087 8.1586E-03 0.009 
1.5850E-01 4.1476E-04 8E-04 1.6145E-02 0.0144 6.4564E-02 0.013 1.1660E-01 0.0109 5.9482E-02 0.009 2.5866E-02 0.0081 9.9885E-03 0.0084 
2.5120E-01 1.3838E-03 6E-04 1.4091E-02 0.0152 5.8057E-02 0.0136 1.1 793E-01 0.0108 6.9633E-02 0.0084 3.2395E-02 0.0074 1.3056E-02 0.0077 
3.9810E-01 2.6662E-04 7E-04 1.0782E-02 0.0176 4.8588E-02 0.0149 1.2207E-01 0.0107 8.3838E-02 0.0078 4 .2731E-02 0.0067 1.8567E-02 0.0068 
6.3100E-01 1.4007E-04 7E-04 7.5478E-03 0.0207 4.2033E-02 0.0161 1.1686E-01 0.011 9.9173E-02 0.0072 5.7464E-02 0.006 2.7575E-02 0.006 
l. OOOOE+OO 1.1041E-04 7E-04 5.1432E-03 0.0251 3.1160E-02 0.0187 1.0752E-01 0.0114 1.1 364E-01 0.0068 7.5853E-02 0.0054 4.2229E-02 0.0051 
1.5850E+OO 1.0190E-04 7E-04 3.4205E-03 0.0307 2.2527E-02 0.022 9.4873E-02 0.0122 1.1 949E-01 0.0066 9.3716E-02 0.0049 6.1378E-02 0.0045 
2.5120E+OO 9.0153E-05 7E-04 2.0297E-03 0.0396 U 835E-02 0.0271 7.2785E-02 0.0138 1.1 628E-01 0.0067 1.0380E-01 0.0047 7.8172E-02 0.0041 
3.9810E+OO 5.1723E-05 0.001 1.2099E-03 0.0366 9.3005E-03 0.0343 5.2416E-02 0.0127 9.9524E-02 0.0073 9.7379E-02 0.0067 8.3129E-02 0.0075 
6.3100E+OO 3.0792E-05 0.001 7.4114E-04 0.046 5.8399E-03 0.0422 3.7953E-02 0.0149 8.1682E-02 0.008 8.7536E-02 0.007 8.2910E-02 0.0074 
l.OOOOE+01 L9001E-05 0.003 3.6405E-<» 0.0651 3.2796E-03 0.0575 2.2152E-02 0.0193 5.6714E-02 0.0132 6.8812E-02 0.0131 7.3922E-02 0.0148 
1.5850E+01 1.2217E-05 0.004 2.4233E-04 0.0826 2.1304E-03 0.0713 1.6255E-02 0.0226 4.3235E-02 0.0153 5.5268E-02 0.0146 6.0233E-02 0.0162 
2.5120E+01 8.7654E-06 0.006 1.2206E-04 0.1074 9.8677E-<» 0.0997 8.0351E-03 0.0312 2.5472E-02 0.0197 3.5116E-02 0.0184 3.9687E-02 0.019 
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Appendix F. MCNP6 Input Cards for Modeling 
239
PuBe  
 
 
 
 
 
 
 
 
  
lc ce 11 car ds 
100 1 - 2 . 3 -10 20 mp n=1 
200 2 - 0 . 001205 - 20 31 mp n=1 
310 3 - 0 . 95 - 31 32 mp n=20 
320 3 - 0 . 95 - 32 33 mp n=23 
330 3 - 0 . 95 - 33 34 mp n=32 
340 3 - 0 . 95 - 34 35 mp n=70 
350 3 - 0 . 95 - 35 36 mp n=200 
360 3 - 0 . 95 - 36 40 mp n=600 
400 6 - 2 . 6989 - 40 41 mp n=4450 
410 0 - 41 42 mp n=1200000 
420 7 
- 3. 84 - 42 mp n=60000 
999 0 10 mp n=O 
c s ur face car ds 
10 r pp -188 188 -188 188 -188 188 
20 r pp -127 127 -127 127 -127 127 
31 so 15. 25 
32 so 12 . 7 
33 so 10 . 15 
34 so G. n 
35 so 3. 81 
36 so 2 . 54 
40 r cc 0 0 - 0 . 8 0 0 1. 6 0 . 725 
41 r cc 0 0 - 0 . 6 0 0 1. 2 0 . 525 
42 r cc 0 0 - 0 . 2 0 0 0 . 4 0 . 2 
c macer i a l speci f i cac i on 
m1 1001 - 0 . 022100 6012 - 0 . 002484 8016 - 0 . 574930 
11023 - 0 . 015208 12000 - 0 . 001266 1 3027 - 0 . 019953 
14000 - 0 . 304627 19000 - 0 . 010045 20000 - 0 . 042951 
m2 
m3 
m6 
m7 
mode 
SDEF 
Sil 
26000 - 0 . 0064 35 
07014 - 0 . 755268 
08016 - 0 . 231781 
01001 - 0 . 143716 
13027 -1. 000000 
06000 - 0 . 000124 
18000 - 0 . 012827 
06012 - 0 . 8 56284 
03006 - 0 . 0518 53127 - 0 . 9482 
n 
POS=-92 0 0 PAR=n ERG=D1 
0 2 . 50E-01 S. OOE-01 7 . 50E-01 1 . 00E+00 1 . 25E+00 
1 . 50E+00 1 . 7 5E+00 2 . 00E+00 2 . 25E+00 2 . 50E+00 
2 . 7 5E+00 3. 00E+00 3. 25E+00 3. 50E+00 3. 7 5E+00 
4 . 00E+00 4 . 25E+00 4 . 50E+00 4 . 7 5E+00 5. 00E+00 
5. 25E+00 5. 50E+00 5. 7 5E+00 6 . 00E+00 6 . 25E+00 
6 . 50E+00 6 . 7 5E+00 7 . 00E+00 7 . 25E+00 7 . 50E+00 
7 . 7 5E+00 8 . 00E+00 8 . 25E+00 8 . 50E+00 8 . 7 5E+00 
9 . 00E+00 9 . 25E+00 9 . 50E+00 9 . 7 5E+00 1 . 00E+01 
1 . 03E+01 1 . 0 5E+01 1 . 08E+01 1 . 10E+01 1 . 1 3E+01 
1 . 15E+01 1 . 18E+01 1 . 20E+01 
5Pl 0 2 . 4 ) E-04 5 . 07E-0) 1 . ) 2E-02 1 . 62E-02 1 . 61E-02 
1 . 42E-02 1 . 04E-02 1 . 47E-02 1 . 81E- 02 2 . 04E-02 
2 . 61E-02 3. 9 3E-02 4 . 87E-02 4 . 68E- 02 4 . 46E-02 
4 . 16E-02 3. 9 3E-02 3. 75E-02 3. 55E- 02 3. 31E-02 
2 . 76E-02 2 . 15E-02 1 . 88E-02 1 . 70E- 02 1 . 42E-02 
1 . 89~-02 2 . 20~-oz 2 . 2 5~-02 2 . 2 5, - 02 2 . 24~-02 
2. 19E-02 2 . 05E-02 1 . 86E-02 1 . 68E- 02 1 . 56E-02 
1 . 48E-02 1 . 40E-02 1 . 21E-02 8 . 62E- 03 5. 44E-03 
3. 24E-03 1 . 79E-03 5. 45E-04 5. 37E- 05 6 . 02E-07 
1 . 11E-08 8 . 77E-09 6 . 92E-09 
nps 22000000 
F4 :n 420 
MT3 po ly . 10c 
E4 1 . 0E-08 2. 512e-8 6 . 31e-S 1e-7 2. 51e-7 le-6 1e-5 
le-4 le-3 le-2 2 . 512e-2 3 . 9 81e-2 6 . 3le-2 le-1 
1 . 585e-1 2 . 50E-01 S. OOE-01 7 . 50E- 01 1 1. 25 
1 . 50E+00 1. 7 5E+00 2 . 00E+00 2 . 2 5E+00 2 . 50E+00 
2 . 7 5E+00 3. 00E+00 3. 25E+00 3. 50E+00 3. 75E+00 
4 . OOE+OO 4 . 25E+00 4 . 50E+00 4 . 75E+00 5. OOE+OO 
5 . 2 5E .. OO S. SOE .. OO 5. 7 5E+00 6 . 00E .. OO 6 . 25E .. OO 
6 . 50E+00 6 . 7 5E+00 7 . 00E+00 7 . 25E+00 7 . 50E+00 
7 . 7 5E+00 8 . 00E+00 8 . 25E+00 8 . 50E+00 8 . 75E+00 
9 . OOE+OO 9 . 25E+00 9 . 50E+00 9 . 75E+00 1. 00E+01 
1 . 03E+01 1 . 0 5E+01 1 . 08E+01 1 . 10E+01 1 . 13E+01 
1 . 15~+01 1 . 18~+01 1 . 20~+01 
c onc r ece wa ll s of wor l d ( r pp) 
$ Ai r i n wor l d ( r pp) 
$ Po l y decenor 
$ Po l y decenor 
$ Po l y decenor 
$ Po l y decenor 
$ Po l y decenor 
$ Po l y decenor 
$ Al umi num cube 
$ vaccuum i n che cube 
$ Li i ( Eu) dececcor , mode l ed 
$ Resc of che wor l d 
wor l d vo l ume 
$ Ai r wi ch i n ( 0,0,0) 
$ Po l y decenor ( 12" sphe r e ) 
$ Po l y decenor ( 10 .. sphe r e) 
$ Po l y decenor ( 8 .. sphe r e ) 
$ Po l y del:ecco1· ( ~ .. sphe 1·e) 
$ Po l y decenor ( 3 .. sphe r e) 
$ Po l y decenor ( 2" sphe r e ) 
$ Al r cc ( per pend i cu l a r co sour c e) 
$ vaccuum i n che Al cy l i nder 
$ Li i ( Eu) c r ysca l ( RCC r =2mm , hc=4mm) 
$ o r d i na r y conc r ece 
Ai r 
Po l yechy l ene ( Bonne r ) 
Al meca l 
Li i c r ysca l compos i c i on 
Number of neuc r ons gene r aced 
Fl ux pa i ne dececcor wi ch 15. 25 em r adi us 
s ( a, B) t r eacmenc for hydor gen i n po l yechy l ene 
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Appendix G. MCNP6 Input Cards for Modeling the Steel Box and Free-Field  
MCNP6 Steel Box Input Card 
 
 
 
 
 
 
 
lc ce 11 car ds 
100 1 - 0. 001205 -10 20 51 52 53 54 55 56 57 
200 2 - 7. 82 - 20 30 60 i mp :n=1 
300 1 - 0. 001205 - 30 31 60 i mp :n=1 
310 3 - 0. 95 - 31 32 i mp: n=20 
320 3 - 0. 95 - 32 33 i mp: n=23 
330 3 - 0. 95 - 33 34 i mp: n=32 
340 3 - 0. 95 - 34 35 i mp: n=70 
350 3 - 0. 95 - 35 36 i mp :n=200 
360 3 - 0. 95 - 36 40 i mp: n=700 
400 6 - 2. 6989 - 40 41 i mp: n=4450 
410 0 - 41 42 i mp: n=1200000 
i mp : n=60000 420 7 
- 3. 84 - 42 
510 4 - 0. 95 -51 61 i mp :n=1 
520 4 - 0. 95 -52 61 i mp :n=1 
530 4 - 0. 95 -53 i mp :n=1 
540 4 
- 0. 95 -54 i mp :n=1 
550 4 - 0. 95 -55 i mp :n=1 
560 4 - 0. 95 -56 i mp :n=1 
570 4 
- 0. 95 -57 i mp :n=1 
580 5 - 0. 705 -58 i mp :n=1 
590 4 - 0. 95 -59 i mp :n=1 
600 1 - 0. 001205 - 60 i mp :n=1 
610 6 - 2. 6989 - 61 62 i mp :n=1 
620 0 - 62 i mp :n=1 
999 0 10 i mp :n=O 
c s ur f ace car ds 
10 r pp -100 150 -50 50 -50 50 
20 r pp - 30. 5 30. 5 - 30. 5 30. 5 - 30. 5 30. 5 
30 r pp - 28 28 - 28 28 - 28 28 
31 so 15. 25 
32 so 12. 7 
33 so 10. 15 
34 so 6. 35 
35 so 3. 81 
36 so 2 . 54 
40 r cc 0 0 - 0. 8 0 0 1 . 6 0. 725 
41 r cc 0 0 - 0. 6 0 0 1 . 2 0. 525 
42 r cc 0 0 - 0. 2 0 0 0. 4 0. 2 
51 r pp 31 . 8175 102. 255 21 . 59 32. 07 - 30. 5 30. 5 
52 r pp 31 . 8175 102. 255 - 32. 07 - 21 . 59 - 30. 5 30. 5 
53 r pp - 30. 5 91. 78 - 30. 5 30. 5 31 . 1 35 41 . 6125 
54 r pp 31 . 8175 102. 255 - 21 . 58 21 . 58 - 30. 5 - 20. 02 
55 r pp - 30. 5 30. 5 31 . 135 41 . 295 - 30. 5 30. 5 
56 r pp - 30. 5 30. 5 - 41 . 295 - 31 . 1 35 - 30. 5 30. 5 
57 r pp - 41 . 495 - 31 . 135 - 30. 5 30. 5 - 30. 5 30. 5 
58 r pp - 45 105 - 45 45 - 40 - 30. 5 
59 r pp 92. 095 102. 255 - 21 . 58 21 . 58 - 20. 02 30. 5 
60 r cc 0 0 27. 5 0 0 3. 5 7. 12 
61 r cc 67. 3 - 33 - 8. 91 0 66 0 7. 62 
62 r cc 67. 3 - 31 - 8. 91 0 62 0 5. 62 
c mater i al spec i f i c at i on 
m1 07014 - 0. 755268 06000 - 0. 000124 
08016 - 0. 231781 18000 - 0. 012827 
m2 26000 - 0. 977170 06012 - 0. 022831 
m3 01001 - 0. 143716 06012 - 0. 856284 
m4 01001 - 0. 143716 06012 - 0. 806284 05010 - 0. 05 
m5 01001 - 0. 057889 06012 - . 482667 08016 - 0. 459444 
m6 1 3027 -1. 000000 
m7 03006 - 0. 0518 53127 - 0. 9482 
mode n 
SDEF POS=67. 3 0 - 8. 91 PAR=n ERG=2. 45 
nps 20000000 
F4 :n 420 
MT3 po l y . 10c 
MT4 po l y . 10c 
58 
E4 1 . 0E-08 2. 512e-8 6. 31e-8 1e-7 2. 51e-7 1e-6 1e-5 
1e-4 1e-3 1e-2 2. 512e-2 3. 981e-2 6. 31e-2 1e-1 
1 . ~~~e-1 L . ~OE-01 0 . ~ O. b 0 . / 0 . ~ O. Y 1 . 0 1 . 1 1 . L 
1. 3 1. 4 1.5 1. 6 1. 7 1. 8 1.9 2. 0 2. 1 2. 2 2. 3 2. 4 
2. 5 2. 6 2. 7 2. 8 
59 60 61 i mp :n=1 $ Ai r i n wor l d $ Sceel BOX $ Ai r i n sceel s hi e l d ( box) $ Po l y decenor 
$ Po l y decenor 
$ Po l y decenor 
$ Po l y decenor 
$ Po l y detector 
$ Po l y decenor 
$ Al umi num cube 
$ vaccuum i n che cube 
$ Li i(Eu) $ BP s i de 
decenor , mode l ed 
$ BP s i de 
$ BP cOp 
$ BP boccom 
$ BP oucer s i de 
$ BP oucer s i de 
$ BP back 
$ wooden cabl e ( Bi r ch) $ BP behi nd sour ce 
$ Ai r i n hol e 
$ Al umi num sour ce cube 
$ vacuum i n sour ce cube 
$ Resc of che wor l d 
$ wor l d vol ume 
$ Sceel box ac (0,0,0) $ Ai r i n box 
( r pp) 
$ Po l y decenor (1 2 .. spher e) 
$ Po l y decenor (10 .. spher e) 
$ Po l y decenor (8 .. spher e) 
$ Po l y decenor ( 5 .. spher e) 
$ Po l y decenor (3 .. spher e) 
$ Po l y decenor (2" spher e) 
$ Al r cc ( per pendi cul ar co sour ce) 
$ vaccuum i n che Al cyl i nder 
$ Li i(Eu) cr ysca l ( Rcc r =2mm , hc=4mm) $ 4 .. chi ck BP s i de s hi e l d i ng 
$ 4 .. chi ck BP s i de s hi e l d i ng 
$ Top BP s hi e l d , l engch of oox 
$ Boccom BP , under sour ce 
$ BP outer s i de 
$ BP Oucer s i de 
$ BP Back 
$ wooden Tabl e 
$ BP Back behi nd sour ce 
$ Hol e chrough sceel pl ace 
$ Ai r 
$ s hi el d , car bon sceel 
$ Po l yechyl ene ( Bonner ) 
$ Bor aced po l yechyl ene ( s hi e l d) $ wood cabl e 
$ Al meca l 
$ Li i cr ysca l compos i c i on 
$ Number of neucr ons gener aced 
$ Fl u:< pa i ne decenor wi ch 15. 25 em r adi us 
$ s (a, B) cr eacmenc for hydor gen i n po l yechyl ene 
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MCNP6 Free-Field Input Card 
 
 
 
 
 
 
 
 
 
  
c ce ll car ds 
100 1 - 0 . 001 205 -10 31 51 52 53 54 55 56 57 
310 3 - 0 . 95 - 31 32 i mp: n=20 
320 3 - 0 . 95 - 32 33 i mp :n=23 
330 3 - 0 . 95 - 33 34 i mp: n=32 
340 3 - 0 . 95 - 34 35 i mp: n=70 
350 3 - 0 . 95 - 35 36 i mp :n=200 
360 3 - 0 . 95 - 36 40 i mp: n=700 
400 6 - 2. 6989 - 40 41 i mp: n=4450 
410 0 - 41 42 i mp: n=1200000 
i mp : n=60000 420 7 
- 3. 84 - 42 
510 4 - 0 . 95 -51 61 i mp :n=1 
520 4 - 0 . 95 -52 61 i mp :n=1 
530 4 - 0 . 95 -53 i mp :n=1 
540 4 
- 0 . 95 -54 i mp :n=1 
550 4 - 0 . 95 -55 i mp :n=1 
560 4 - 0 . 95 -56 i mp :n=1 
570 4 
- 0 . 95 -57 i mp :n=1 
580 5 - 0 . 705 -58 i mp :n=1 
590 4 - 0 . 95 -59 i mp :n=1 
610 6 - 2. 6989 - 61 62 i mp :n=1 
620 0 - 62 i mp :n=1 
999 0 10 i mp: n=O 
c s ur f ace car ds 
10 r pp -100 150 -50 50 -50 50 
31 so 15. 25 
32 so 1 2. 7 
33 so 10. 15 
34 so 6 . 35 
35 so 3. 81 
36 so 2. 54 
40 r cc 0 0 - 0 . 8 0 0 1. 6 0 . 72 5 
41 r cc 0 0 - 0 . 6 0 0 1. 2 0 . 52 5 
42 r cc 0 0 - 0 . 2 0 0 0 . 4 0 . 2 
51 r pp 31. 8175 102. 255 21. 59 32. 07 - 30. 5 30. 5 
52 r pp 31 . 8175 102. 255 - 32. 07 - 21 . 59 - 30. 5 30. 5 
53 r pp - 30. 5 91. 78 - 30. 5 30. 5 31 . 1 35 41 . 6125 
54 r pp 31 . 8175 102. 255 - 21 . 58 21 . 58 - 30. 5 - 20. 02 
55 r pp - 30. 5 30. 5 21. 59 32. 07 - 30. 5 30. 5 
56 r pp - 30. 5 30. 5 - 32. 07 - 21. 59 - 30. 5 30. 5 
57 r pp 
- 41. 495 - 31.135 - 30. 5 30. 5 - 30. 5 30. 5 
58 r pp - 45 105 - 45 45 - 40 - 30. 5 
59 r pp 92. 095 102. 255 - 21. 58 21. 58 
61 r cc 67. 3 - 33 - 8 . 91 0 66 0 7 . 62 
62 r cc 67. 3 - 31 - 8 . 91 0 62 0 5. 62 
c ma1:er i a l spec i f i ca1: i on 
m1 07014 - 0 . 755268 06000 - 0 . 000124 
08016 - 0 . 231781 18000 - 0 . 012827 
m2 26000 - 0 . 977170 06012 - 0 . 022831 
m3 01001 - 0 . 143716 06012 - 0 . 856284 
- 20. 02 30. 5 
m4 01001 - 0 . 143716 06012 - 0 . 806284 05010 - 0 . 05 
m5 01001 - 0 . 057889 06012 - . 482667 08016 - 0 . 459444 
m6 1 3027 -1. 000000 
m7 03006 - 0 . 0518 53127 - 0 . 9482 
mode n 
SDEF POS=67. 3 0 - 8 . 91 PAR=n ERG=2. 45 
nps 20000000 
F4 :n 420 
MT3 po l y . 101: 
MT4 po l y . 101: 
58 
E4 1 . 0E-08 2. 512e-8 6 . 31e-8 1e-7 2. 51e-7 1e-6 1e-5 
1e-4 1e-3 1e-2 2. 512e-2 3. 981e-2 6 . 31e-2 1e-1 
1 . 585e-1 2. 50E-01 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 1 . 0 1 . 1 1 . 2 
1. 3 1. 4 1.5 1. 6 1. 7 1. 8 1.9 2. 0 2. 1 2. 2 2. 3 2. 4 
2. 5 2. 6 2 . 7 2 . 8 
59 61 i mp: n=1 $ Ai r i n wor l d ( r pp) 
$ Po l y de1:ee1:or 
$ Po l y de1:ee1:or 
$ Po l y de1:ee1:or 
$ Po l y de1:ee1:or 
$ Po l y de1:ee1:or 
$ Po l y de1:ee1:or 
$ Al umi num 1:ube 
$ vaccuum i n 1:he 1:ube 
$ L i i(Eu) 
$ BP s i de 
de1:ee1:or , mode l ed 
$ BP s i de 
$ BP 1:0p 
$ BP bo1:1:om 
$ BP ou1:er s i de 
$ BP ou1:er s i de 
$ BP back 
$ wooden 1:abl e ( Bi r ch) 
$ BP behi nd sour ce 
$ Al umi num sour ce 1:ube 
$ vacuum i n sour ce 1:ube 
$ Res1: of 1:he wor l d 
$ wor l d vo l ume 
$ Po l y de1:ee1:or (12" spher e) 
$ Po l y de1:ee1:or (10 .. spher e) 
$ Po l y de1:ee1:or (8 .. spher e) 
$ Po l y de1:ee1:or ( 5 .. spher e) 
$ Po l y de1:ee1:or (3 .. spher e) 
$ Po l y de1:ee1:or (2" spher e) 
$ Al r cc ( per pendi cu l ar 1:0 sour ce) 
$ vaccuum i n 1:he Al cyl i nder 
$ Li i(Eu) c r ys1:a l ( RCC r =2mm, h1:=4mm) 
$ 4 .. 1:h i ck BP s i de s hi e l d i ng 
$ 4 .. 1:h i ck BP s i de s hi e l d i ng 
$ Top BP s h i e l d , l eng1:h of oox 
$ Bo1:1:om BP , under sour ce 
$ BP 0 u1:er s i de 
$ BP 0 u1:er s i de 
$ BP Back 
$ wooden Tabl e 
$ BP Back behi nd sour ce 
$ Ai r 
$ s h i e l d , car bon s1:ee l 
$ Po l ye1:hyl ene ( Bonner ) 
$ Bor a1:ed po l ye1:hyl ene ( Shi e l d) 
$ wood 1:abl e 
$ Al me1:a l 
$ Li i c r ys1:a l compos i 1: i on 
$ Number of neu1:r ons gener a1:ed 
$ Fl ux po i n1: de1:ec1:or wi 1:h 15. 25 em r ad i us 
$ s (a, B) 1:r ea1:men1: for hydor gen i n po l ye1:hyl ene 
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Appendix H. MAXED Output and Spectrum for 
239
PuBe Measurements  
 
MAXED 
239
PuBe Output 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
UMG package , ver s i on 3. 3, r el ease dace: Mar ch 1 , 2004 
oeconvol uc i on us i ng che MAXED (Max i mum Encr opy) Al gor i chm 
Fi l e wi ch I npuc oaca : AFIT_PuBeN. i bu 
Fi l e wi ch oef aulc speccr um 
oef au lc speccr um Fl uence For mac 
Ener gy of oef aulc sp. i n uni cs of 
c: \ U_M_G\ FC\ $i np\ def_spec\ AFIT_PuBen.fl u 
fl uence r ace per bi n 
MeV 
Fi l e wi ch Response Funcc i on 
Response Funcci ons i n uni cs of 
Ener gy of Fi na l specc. i n uni cs of 
c: \ U_M_G\ FC\ $i np\ r esponse\ AFIT_RF.fmc 
e m" 
MeV 
c hi -squar ed P. D.F. us i ng che oef aulc speccr um 
Fi na l c hi -squar ed P. D.F. 
NOTE: c hi -squar ed Per Degr ee of Fr eedom was sec co: 
*** RESULTS FOR THE FINAL SPECTRUM: *** 
ON 
1 
2 
3 
4 
5 
6 
7 
Noce 1 : 
M 
5. 270000E+00 
8. 770000E+00 
1. 303000E+00 
1. 877000E+00 
1. 597000E+00 
1. 104000E+00 
8. 680000E+00 
c 
1. 829808E+00 
2. 072266E+00 
1. 697030E+00 
1. 472146E+00 
1. 712727E+00 
1. 717651E+00 
1. 61014 3E+00 
ON = dececcor number 
M = measur ed counc r ace 
c = cal cul aced counc r ace 
(C-M) / S 
-0 . 90663 
-1.06069 
0 . 42000 
-0 . 26304 
0 . 2264 3 
0 . 89650 
-1. 93918 
3. 615 
0. 973 
0. 800 
(C-M) / M 
-0. 65279 
-0. 76371 
0. 30240 
-0. 21569 
0. 07247 
0. 55584 
-0. 81450 
Noce 2: 
s = esc i maced scandar d uncer ca i ncy 
M<O i ndi caces daca noc used f or che deconvol uc i on 
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MAXED Output Solution for 
239
PuBe Source  
 
Energy (MeV) 
239
PuBe Flux Energy (MeV) 
239
PuBe Flux 
1.0000E-08 7.8110E+07 4.2500E+00 7.0183E+00 
2.5120E-08 2.0855E+08 4.5000E+00 5.4517E+00 
6.3100E-08 4.4526E+08 4.7500E+00 6.0586E+00 
1.0000E-07 8.7965E+06 5.0000E+00 2.5938E+00 
2.5100E-07 6.3547E+03 5.2500E+00 4.7464E+00 
1.0000E-06 1.1165E-01 5.5000E+00 3.9767E+00 
1.0000E-05 6.7033E-04 5.7500E+00 3.7940E+00 
1.0000E-04 6.2042E-05 6.0000E+00 2.2834E+00 
1.0000E-03 2.8868E-05 6.2500E+00 2.2917E+00 
1.0000E-02 5.3245E-05 6.5000E+00 5.3981E+00 
2.5120E-02 3.5651E-05 6.7500E+00 1.7202E+00 
3.9810E-02 1.8857E-05 7.0000E+00 4.0451E+00 
6.3100E-02 1.8940E-05 7.2500E+00 4.2010E+00 
1.0000E-01 2.8423E-05 7.5000E+00 1.0645E+00 
1.5850E-01 6.7204E-05 7.7500E+00 9.6518E-01 
2.5000E-01 1.2182E-04 8.0000E+00 1.0072E+00 
5.0000E-01 5.8794E-04 8.2500E+00 7.4472E-01 
7.5000E-01 1.1035E-03 8.5000E+00 1.8590E+00 
1.0000E+00 2.3524E-02 8.7500E+00 6.2494E-01 
1.2500E+00 2.0349E-02 9.0000E+00 5.8265E-01 
1.5000E+00 1.1641E-01 9.2500E+00 1.5385E+00 
1.7500E+00 3.5567E-01 9.5000E+00 3.4671E-01 
2.0000E+00 2.7757E-01 9.7500E+00 1.7388E-01 
2.2500E+00 2.7691E-01 1.0000E+01 4.4166E-04 
2.5000E+00 2.2262E+00 1.0300E+01 1.1381E-03 
2.7500E+00 1.7196E+00 1.0500E+01 0.0000E+00 
3.0000E+00 1.5052E+00 1.0800E+01 0.0000E+00 
3.2500E+00 2.2404E+00 1.1000E+01 0.0000E+00 
3.5000E+00 1.2746E+00 1.1300E+01 0.0000E+00 
3.7500E+00 1.5683E+00 1.1500E+01 0.0000E+00 
4.0000E+00 5.0879E+00 1.1800E+01 0.0000E+00 
  
109 
Appendix I. MCNP6 Output for 
239
PuBe Spectrum  
Energy (MeV) 
239
PuBe Flux Energy (MeV) 
239
PuBe Flux 
1.0000E-08 5.7156E-08 4.5000E+00 8.1889E-08 
2.5120E-08 3.4394E-07 4.7500E+00 9.1005E-08 
6.3100E-08 1.2202E-06 5.0000E+00 3.8961E-08 
1.0000E-07 7.3768E-07 5.2500E+00 7.1294E-08 
2.5100E-07 5.3714E-07 5.5000E+00 5.9733E-08 
1.0000E-06 1.6476E-07 5.7500E+00 5.6989E-08 
1.0000E-05 3.0224E-07 6.0000E+00 3.4299E-08 
1.0000E-04 3.1161E-07 6.2500E+00 4.8307E-08 
1.0000E-03 3.5782E-07 6.5000E+00 1.2664E-07 
1.0000E-02 3.8316E-07 6.7500E+00 4.0356E-08 
2.5120E-02 1.5985E-07 7.0000E+00 9.4898E-08 
3.9810E-02 9.3015E-08 7.2500E+00 9.8555E-08 
6.3100E-02 8.9080E-08 7.5000E+00 2.4972E-08 
1.0000E-01 9.2083E-08 7.7500E+00 2.2643E-08 
1.5850E-01 1.2496E-07 8.0000E+00 2.3630E-08 
2.5000E-01 1.5200E-07 8.2500E+00 1.7471E-08 
5.0000E-01 3.2310E-07 8.5000E+00 4.3612E-08 
7.5000E-01 2.2881E-07 8.7500E+00 1.4661E-08 
1.0000E+00 1.9723E-07 9.0000E+00 1.3669E-08 
1.2500E+00 1.7061E-07 9.2500E+00 3.6092E-08 
1.5000E+00 1.5140E-07 9.5000E+00 8.1338E-09 
1.7500E+00 1.7711E-07 9.7500E+00 4.0793E-09 
2.0000E+00 1.3822E-07 1.0000E+01 2.2904E-10 
2.2500E+00 1.3789E-07 1.0300E+01 3.9348E-10 
2.5000E+00 1.3972E-07 1.0500E+01 0.0000E+00 
2.7500E+00 9.7225E-08 1.0800E+01 0.0000E+00 
3.0000E+00 8.5104E-08 1.1000E+01 0.0000E+00 
3.2500E+00 1.2667E-07 1.1300E+01 0.0000E+00 
3.5000E+00 7.2066E-08 1.1500E+01 0.0000E+00 
3.7500E+00 8.0171E-08 1.1800E+01 0.0000E+00 
4.0000E+00 7.6425E-08 1.2000E+01 0.0000E+00 
4.2500E+00 1.0542E-07 
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Appendix J. MCNP6 Output for Steel Box Spectrum (MAXED a priori) 
Energy 
(MeV) 
Steel Box 
Flux Uncertainty 
Energy 
(MeV) 
Steel Box 
Flux  Uncertainty 
1.00E-08 8.94E-08 0.0143 9.00E-01 8.09E-08 0.1013 
2.51E-08 5.49E-07 0.0081 1.00E+00 9.91E-08 0.1142 
6.31E-08 1.93E-06 0.0058 1.10E+00 7.67E-08 0.1158 
1.00E-07 1.17E-06 0.008 1.20E+00 7.07E-08 0.1115 
2.51E-07 8.33E-07 0.0109 1.30E+00 5.63E-08 0.1266 
1.00E-06 2.25E-07 0.0319 1.40E+00 7.75E-08 0.1262 
1.00E-05 4.29E-07 0.0283 1.50E+00 5.74E-08 0.1517 
1.00E-04 4.09E-07 0.0315 1.60E+00 9.69E-08 0.1541 
1.00E-03 4.47E-07 0.032 1.70E+00 5.34E-08 0.1605 
1.00E-02 4.87E-07 0.0311 1.80E+00 6.96E-08 0.166 
2.51E-02 2.03E-07 0.0482 1.90E+00 7.90E-08 0.1653 
3.98E-02 1.01E-07 0.0639 2.00E+00 3.33E-08 0.2245 
6.31E-02 1.14E-07 0.0634 2.10E+00 4.08E-08 0.1862 
1.00E-01 1.31E-07 0.0564 2.20E+00 3.38E-08 0.2518 
1.59E-01 1.55E-07 0.0539 2.30E+00 8.36E-08 0.2577 
2.50E-01 1.73E-07 0.0515 2.40E+00 1.08E-07 0.2177 
5.00E-01 3.73E-07 0.0415 2.50E+00 1.28E-07 0.2534 
6.00E-01 1.21E-07 0.074 2.60E+00 0.00E+00 0 
7.00E-01 1.12E-07 0.088 2.70E+00 0.00E+00 0 
8.00E-01 1.12E-07 0.0943 2.80E+00 0.00E+00 0 
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Appendix K. MAXED Output and Flux Spectrum of the Steel Box  
MAXED Output for the Steel Box 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
oeconvol uc i on us i ng che MAXED (Maxi mum Encr opy) Algor i chm 
Fi le wi ch I npuc Daca : AFIT_Exp_BOXN1. i bu 
Fi le wi ch oefaulc speccr um 
oefaulc speccr um Fl uenc e For mac 
Ener gy of oefaulc sp. i n uni cs of 
c :\ U_M_G\ FC\ $i np\ def_spec\ AFIT_Box2.fl u 
fl uenc e r ace per bi n 
MeV 
Fi le wi ch Response Funcci on 
Response Funcc i ons i n uni cs of 
Ener gy of Fi na l specc. i n uni cs of 
c :\ U_M_G\ FC\ $i np\ r esponse\ AFIT_RF.fmc 
em" 
MeV 
c hi -squar ed P. D. F. us i ng che oefaulc speccr um 
Fi na l c hi -squar ed P. D.F. 
NOTE: c hi -squar ed Per Degr ee of Fr eedom was sec co: 
*** RESULTS FOR THE FI NAL SPECTRUM: *** 
ON 
1 
2 
3 
4 
5 
6 
7 
Noce 1 : 
M 
1. 189000E+00 
6. 712000E+00 
1. 500000E+00 
2. 702500E+00 
2. 487400E+00 
1. 659600E+00 
1. 077700E+00 
c 
1.197886E+00 
1. 681162E+00 
1. 6402 34E+00 
2. 040542E+00 
2. 092365E+00 
1. 660692E+00 
1.144632E+00 
ON = dececcor number 
M = meas ur ed counc r ace 
c = ca lcul aced counc r ace 
(C-M) / S 
0. 06224 
-2. 34209 
0. 42488 
-0. 47103 
-0. 37811 
0. 00072 
0. 08626 
16. 036 
0. 863 
0. 700 
(C-M) / M 
0. 00747 
-0. 74953 
0. 09349 
-0. 24494 
-0.15881 
0. 00066 
0. 06211 
Noce 2: 
s = esc i maced scandar d unc er ca i ncy 
M<O i ndi caces daca noc used f or che deconvol uc i on 
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MAXED Flux Spectrum Solution for the Steel Box 
 
Energy (MeV) MAXED Box Flux Energy (MeV) MAXED Box Flux 
1.0000E-08 4.0334E+07 9.0000E-01 2.0157E+00 
2.5100E-08 1.6434E+08 1.0000E+00 1.3514E+01 
6.3100E-08 5.3309E+08 1.1000E+00 1.2198E+01 
1.0000E-07 2.7846E+07 1.2000E+00 1.0010E+01 
2.5100E-07 9.3852E+04 1.3000E+00 1.3514E+01 
1.0000E-06 4.3115E+00 1.4000E+00 1.0237E+01 
1.0000E-05 2.4589E-02 1.5000E+00 9.5260E+00 
1.0000E-04 1.1646E-03 1.6000E+00 1.2782E+01 
1.0000E-03 2.6733E-04 1.7000E+00 1.4579E+01 
1.0000E-02 3.9401E-04 1.8000E+00 1.5485E+01 
2.5100E-02 2.6819E-04 1.9000E+00 1.1993E+01 
3.9800E-02 1.4810E-04 2.0000E+00 9.8020E+00 
6.3100E-02 2.3956E-04 2.1000E+00 1.3585E+01 
1.0000E-01 5.4736E-04 2.2000E+00 9.3053E+00 
1.5900E-01 2.8552E-03 2.3000E+00 1.3147E+01 
2.5000E-01 3.1553E-02 2.4000E+00 1.8260E+01 
5.0000E-01 5.7347E-01 2.5000E+00 1.0058E+01 
6.0000E-01 1.1219E+00 2.6000E+00 0.0000E+00 
7.0000E-01 2.6469E+00 2.7000E+00 0.0000E+00 
8.0000E-01 2.2804E+00   
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Appendix L. MCNP6 Output for Free-Field Spectrum (MAXED a priori)  
Energy 
(MeV) 
Free-Field 
Flux Uncertainty 
Energy 
(MeV) 
Free-Field 
Flux Uncertainty 
1.00E-08 1.01E-07 0.0135 9.00E-01 9.90E-08 0.0844 
2.51E-08 6.17E-07 0.0076 1.00E+00 1.13E-07 0.0999 
6.31E-08 2.18E-06 0.0055 1.10E+00 1.02E-07 0.1007 
1.00E-07 1.32E-06 0.0076 1.20E+00 8.37E-08 0.1042 
2.51E-07 9.56E-07 0.0103 1.30E+00 1.13E-07 0.1236 
1.00E-06 2.66E-07 0.0294 1.40E+00 8.56E-08 0.1177 
1.00E-05 4.74E-07 0.027 1.50E+00 7.73E-08 0.1204 
1.00E-04 4.99E-07 0.0286 1.60E+00 8.75E-08 0.1199 
1.00E-03 5.21E-07 0.0293 1.70E+00 9.98E-08 0.1364 
1.00E-02 5.53E-07 0.0291 1.80E+00 1.06E-07 0.1436 
2.51E-02 2.49E-07 0.0438 1.90E+00 8.21E-08 0.1239 
3.98E-02 1.29E-07 0.0559 2.00E+00 6.71E-08 0.1467 
6.31E-02 1.50E-07 0.0551 2.10E+00 9.30E-08 0.172 
1.00E-01 1.61E-07 0.0523 2.20E+00 6.37E-08 0.1983 
1.59E-01 1.86E-07 0.0477 2.30E+00 9.00E-08 0.1783 
2.50E-01 2.08E-07 0.0471 2.40E+00 1.25E-07 0.165 
5.00E-01 4.38E-07 0.0366 2.50E+00 3.33E-07 0.1671 
6.00E-01 1.29E-07 0.0637 2.60E+00 0.00E+00 0 
7.00E-01 1.30E-07 0.0725 2.70E+00 0.00E+00 0 
8.00E-01 1.12E-07 0.0819 2.80E+00 0.00E+00 0 
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Appendix M. MAXED Output and Flux Spectrum of Free-Field Measurements  
MAXED Output for Free-Field  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
oeconvol uc i on us i ng che MAXED (Max i mum Encr opy) Algor i chm 
Fi le wi ch I npuc Daca : AFIT_Exp_FFsc2. i bu 
Fi le wi ch oefaulc speccr um 
oefa ulc speccr um Fl uence For mac 
Ener .gy of oefaulc sp. i n uni cs of 
c: \ U_M_G\ FC\ $i np\ def_spec\ AFIT_ DSFF.fl u 
fl uence r ace per bi n 
MeV 
Fi le wi ch Response Funcci on 
Response Funcc i ons i n uni cs of 
Ener .gy of Fi na 1 spen. i n uni cs of 
c :\ U_M_G\ FC\ $i np\ r esponse\ AFIT_ RF.fmc 
em" 
MeV 
c hi -squar ed P. D.F. us i ng che oefaulc speccr um 
Fi na l c hi -squar ed P. D.F. 
NOTE : c hi -squar ed Per Degr ee of Fr eedom was sec co: 
*** RESULTS FOR THE FINAL SPECTRUM: *** 
ON 
1 
2 
3 
4 
5 
6 
7 
Noce 1 : 
M 
2.168000E+00 
9. 801000E+00 
2. 092100E+00 
3. 604100E+00 
3. 383700E+00 
2. 414100E+00 
1. 571500E+00 
c 
2. 067824E+00 
2.525952E+00 
2. 302488E+00 
2. 613070E+00 
2. 651812E+00 
2. 139240E+00 
1. 508814E+00 
ON = dececcor number 
M = meas ur ed counc r ace 
c = cal cul aced counc r ace 
(C-M) / S 
-0. 41974 
- 2. 31942 
0. 47878 
-0.52878 
-0.51497 
-0.12376 
-0. 05540 
18. 204 
0. 907 
0. 900 
(C-M) / M 
-0. 04621 
-0. 74228 
0.10056 
-0. 27497 
-0. 21630 
-0.11386 
-0. 03989 
Noce 2: 
s = esci maced scandar d uncer c a i ncy 
M<O i ndi caces daca noc used f or che deconvol uc i on 
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MAXED Flux Spectrum Solution for the Free-Field 
 
Energy (MeV) MAXED Free-Field Flux Energy (MeV) MAXED Free-Field Flux 
1.0000E-08 2.4864E+06 9.0000E-01 2.7243E+00 
2.5100E-08 3.7014E+07 1.0000E+00 1.6255E+01 
6.3100E-08 2.5495E+08 1.1000E+00 1.2581E+01 
1.0000E-07 4.8883E+07 1.2000E+00 1.1597E+01 
2.5100E-07 4.6585E+05 1.3000E+00 9.2347E+00 
1.0000E-06 2.2249E+01 1.4000E+00 1.2712E+01 
1.0000E-05 4.5264E-02 1.5000E+00 9.0901E+00 
1.0000E-04 7.8973E-04 1.6000E+00 1.2576E+01 
1.0000E-03 1.3061E-04 1.7000E+00 6.9304E+00 
1.0000E-02 2.0881E-04 1.8000E+00 9.0329E+00 
2.5100E-02 1.3299E-04 1.9000E+00 1.0253E+01 
3.9800E-02 6.7001E-05 2.0000E+00 4.3218E+00 
6.3100E-02 1.1574E-04 2.1000E+00 5.2951E+00 
1.0000E-01 2.9742E-04 2.2000E+00 4.3867E+00 
1.5900E-01 2.0187E-03 2.3000E+00 1.0850E+01 
2.5000E-01 3.7371E-02 2.4000E+00 1.4017E+01 
5.0000E-01 6.8760E-01 2.5000E+00 2.5384E+00 
6.0000E-01 1.6557E+00 2.6000E+00 0.0000E+00 
7.0000E-01 3.7716E+00 2.7000E+00 0.0000E+00 
8.0000E-01 3.7716E+00   
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Appendix N. MCNP6 NPF Calculation Spectra  
MCNP6 Steel Box Spectrum  
 
Energy 
(MeV) 
Steel Box 
Flux Uncertainty 
Energy 
(MeV) 
Steel Box 
Flux  Uncertainty 
1.00E-08 8.9442E-08 0.010 9.00E-01 7.9748E-08 0.073 
2.51E-08 5.4303E-07 0.006 1.00E+00 9.5966E-08 0.078 
6.31E-08 1.9268E-06 0.004 1.10E+00 8.2029E-08 0.084 
1.00E-07 1.1658E-06 0.006 1.20E+00 8.5693E-08 0.094 
2.51E-07 8.3459E-07 0.008 1.30E+00 6.2441E-08 0.090 
1.00E-06 2.2470E-07 0.023 1.40E+00 7.3567E-08 0.093 
1.00E-05 4.1795E-07 0.020 1.50E+00 7.1905E-08 0.108 
1.00E-04 4.1288E-07 0.022 1.60E+00 7.7271E-08 0.109 
1.00E-03 4.5110E-07 0.023 1.70E+00 6.3448E-08 0.112 
1.00E-02 4.7224E-07 0.022 1.80E+00 6.2932E-08 0.117 
2.51E-02 1.9709E-07 0.035 1.90E+00 7.0959E-08 0.113 
3.98E-02 1.0564E-07 0.044 2.00E+00 4.0566E-08 0.148 
6.31E-02 1.0955E-07 0.045 2.10E+00 4.4093E-08 0.141 
1.00E-01 1.3092E-07 0.040 2.20E+00 4.5651E-08 0.161 
1.59E-01 1.5814E-07 0.038 2.30E+00 7.5676E-08 0.169 
2.50E-01 1.7363E-07 0.037 2.40E+00 1.0877E-07 0.167 
5.00E-01 3.7284E-07 0.029 2.50E+00 1.5317E-07 0.163 
6.00E-01 1.2151E-07 0.055 2.60E+00 0.0000E+00 0.000 
7.00E-01 1.0925E-07 0.061 2.70E+00 0.0000E+00 0.000 
8.00E-01 1.0525E-07 0.067 2.80E+00 0.0000E+00 0.000 
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MCNP6 Free-Field Spectrum 
 
Energy 
(MeV) 
Free-Field 
Flux Uncertainty 
Energy 
(MeV) 
Free-Field 
Flux Uncertainty 
1.00E-08 1.02E-07 0.0096 9.00E-01 1.02E-07 0.0597 
2.51E-08 6.16E-07 0.0054 1.00E+00 1.10E-07 0.0712 
6.31E-08 2.18E-06 0.0039 1.10E+00 1.06E-07 0.0766 
1.00E-07 1.32E-06 0.0054 1.20E+00 8.28E-08 0.0753 
2.51E-07 9.59E-07 0.0072 1.30E+00 9.96E-08 0.0856 
1.00E-06 2.59E-07 0.0211 1.40E+00 8.09E-08 0.0874 
1.00E-05 4.86E-07 0.0189 1.50E+00 8.19E-08 0.0903 
1.00E-04 5.05E-07 0.0202 1.60E+00 8.44E-08 0.0924 
1.00E-03 5.34E-07 0.0204 1.70E+00 8.21E-08 0.1022 
1.00E-02 5.49E-07 0.0207 1.80E+00 9.31E-08 0.1048 
2.51E-02 2.41E-07 0.0314 1.90E+00 9.52E-08 0.0994 
3.98E-02 1.26E-07 0.0398 2.00E+00 6.57E-08 0.1323 
6.31E-02 1.47E-07 0.0394 2.10E+00 7.94E-08 0.1234 
1.00E-01 1.56E-07 0.0369 2.20E+00 7.15E-08 0.1333 
1.59E-01 1.81E-07 0.0343 2.30E+00 8.94E-08 0.159 
2.50E-01 2.08E-07 0.0334 2.40E+00 1.04E-07 0.1257 
5.00E-01 4.33E-07 0.0261 2.50E+00 3.03E-07 0.1225 
6.00E-01 1.42E-07 0.0495 2.60E+00 0.00E+00 0 
7.00E-01 1.24E-07 0.0544 2.70E+00 0.00E+00 0 
8.00E-01 1.17E-07 0.0593 2.80E+00 0.00E+00 0 
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